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PREFACE 


The subject of “ Materials and their Application to Engineering Design ” 
is one of great interest and importance to every mechanical engineer or 
designer, yet it is often the case that knowledge is limited to theoretical 
consideration and general principles. Such excellent manuals on Applied 
Mechanics as those of Professor Rankine and Professor Jamieson are 
invaluable to the student and provide sound instruction, but in the 
sphere of commercial application problems present themselves that are 
not dealt with in the text-books. Few engineers have a thprough 
understanding of the various metallurgical and mechanical opera- 
tions that are employed in producing the metals and alloys that form 
the raw materials for the engineering industry, and consequently many 
are faced with difficulty in the selection of suitable materials for 
engineering design. The data contained in many handbooks are too often 
quite inadequate and misleading. 

The present work, whilst it does not profess to deal exhaustively with 
such subjects as material testiug and heat treatment, yet indicates the 
important part these play in the selection of materials. The subject of 
materials is treated on economic and practical lines, and to the engineer 
in practice, who cannot spare time to refer to the many metallurgical 
books, articles, and papers read before scientific societies, this treatise 
should be of service. 

Certain materials are used in small quantities and others for very 
specialised work, while some may be regarded at present as of academic 
interest only, and all of these naturally find but small space in a book 
dealing with commercial uses. Other classes of material are of interest 
more to the civil than the mechanical engineer, and are not dealt with 
herein. 

Works practice governs most considerations in this treatise. The 
figures, curves, and micrographs given relate to commercial supplies and 
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not Uj Haiii|)!eH prejiared from comparatively pure nietal.s under labora 
tory coiiditionK (such as are often ^iven for alloys) which are ideal 
rather tllSQ practirah Impurities on a cotniiierciai scale often have an 
important influence on re^‘iilts, and therefore average* conditions as met 
with in practice are given lierein. This method of treatment is 
maintained througliont. and d»*tailf*d information on sjacial branches 
of the sul»jeet is not inelu led, as the limits of space do not allow f>f this. 

In a work sucli as lhi.>, which is intemhMl for engineers and deals 
with a Kui>je ‘t that is mainly metallurgi<*ah it is difticult to avoid the use 
of certfiin metalliirgic il terms. In fact, it is well to include such expres- 
sions ill view f)f the fact that the sucec.ssfnl t*nginfM*r and designer must 
eveitiually actjuire s<nne knowledge of the metallurgical principles under- 
lying the manufacture and lieat treatment of maU rials. An endeavour 
has been made, however, lo treat the subject on engineering rather than 
on inetallurgieal lines. 

'I’he publishers have spared no ( Xponse in providing illustrations from 
micrographs and H|HH’ially prepunnl <liagrams, and the authors are also 
indebted to Sir H(*rlM*rt Austin, K.ll Fi., and tin* Austin Motor Co., Ltd., 
for permission to use test figures, examples of current practice and other 
practical applications, riie authors desire to thank Prof. (). W. Ellis, 
Messrs. F. Johnson. 1 >. Sc., and .1. Fallon, and Prof ,1. H. Parkin for their 
valnal)le advice and a.ssistance in corr<*cting tln^ proofs Thanks are due 
to tin* following firms for illn.nt ratitms and <lfScriptions (»f their standard 
machines, viz. \V. and T. .\very. Ltd.. Joshua Ihickton A (^).. Ltth, 
Samuel Lenison A Co., I.td . The FosU r In.^trument Co.. Ltd., and The 
(’amhridge A Paul Instrinnent Co.. Ltd. 

E. A. A. and E. M. 

*^9tnr^ 1U2J, 


I'CHl.lSHKICS XOTK TO SK(’OXl) EDITIOX. 

To iiK*o( tbr rontiiitwd <(<'iiinii({ for (his and at (he same time 

to remler it available (<» many iw a Ies.H expen.sivo volume, (bis 
Second Edition is issued at a reducc<i price. 

CH.ARLKS GRIFFIN A CO., LTD. 


AprU, 1033 . 
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MATERIALS AND THEIR APPLICATION 
TO ENGINEERING DESIGN 


CHAPTER I 


TOB INFLIHENGE OF MATERIALS ON BNOINEERINO HBSIOV 

Design and its Objects.— WUh • lew gcn,t exoeptaoui, in tbe eeriy 
of fiigpbneei^devdopiiient, design was limited to tibe improvemeat of exirtmg 
medianisms or types m oonstruotkm. ^ 

in those dsya madifring and oonstructkmal f a c i lit i e s were carwiB and 
aoaroe, ea»Mnng downees in jH^action, and ooiaequent dda^r in observing the 
effeeis of attwathms in dei^. It fdlows, tbereuHe, that improvmnent was 
Blow and limited in extent. 

The i^ant strides of latter day engineaim have been made poeril^ hagi^ 
by the nee of mathenudiaal prooesses in Engineming de(|gn. This ditahii- 
to sndi an extent that design may be defined as the res^ of a logieal tepin of 
thoo^t ^bested towards a given md. It is a synthesis, of whidi dmni^ts* 
aaanwiip is the aofaseipient a^ysis. 

An «*^ flineer has been described as “ A man who can do fw one ddhur what 
anybody can do for two,” wd this definition also soms up the m ai n object of 

WoA ot a definite apd known character and amount has to be done, and 
the ol^eet of the designer is to find the beet and dteapest way of petfmining 
tbil w wk i • 

tf a river has to be qmnned, the bridge mnst be oonstnioted with the 
kail eatyea^Utom of niaterial and time coniristent with safety. 

If itr is desired to travene a g^ven distanoe, the mech a nism used mnit not 
oifiy ha ooQstnwted as dMfty as poasOde, hut mnst mn with ^ leeri mqpendi* 
tars of fiiBl and hdiriBant. and wfih aa littls oori at poariUe in npatm and 

taw ofajeeti am oAan intdiiafy infloo^affids^ and thaiiAiii 
Ig ^ alBMBt hnaiiahty a ooritytante bstaaim 

ahandr ' beaii: 




2 MATI^RIALS * D^IGN 

The tendfuicy the jiftit of a young Hck^titifioilly trained engines, who 
gietiemiiy hm not the ** ballaat ** of praetical experienee. m to apply mathematical 
proceiaioi and retiMraiing to all iwm of design, without inquiring whether tiie 
ccmcluaioim arrived at are liome out by existing jiractiecn 

It ifhouki alwaya be kept in mind that the whole of the conditions govcMning 
the design of {larta of a machine or stnicrture are very seldom known with great 
accuracy » and that the correctness of any conc lusions based upon those premises 
will be entirely govemixl by such conditions. Tliis is a jK)int that Is too often 
foigotten by young designers, and one* which leads to many atmiird rc*sult8. 

These results aie due? to wrong starting jKiiiits which make the sul^sequent 
deductions quite iisc*k*ss for pnietical pi]qsisc>s. 

Factors of Safety.— For this n*iison. it is ne<<*KS{irv iri all c'ngineering 
designs to allow an ample* margin of strength over that cakulutcHl as mxxissary 
for Uie Wcirk to be done. 

This margin is calksl the “ fa<*tor of saf<‘ty/’ and vark‘s with the kind of 
work to U* done, tlu» luc'uracy with uhich the prc*\ ailing conditions can be 
assc*ssed and cak'iilatcHl, and the homogeneity or reliability of the" matc*rial used. 

The cooling of a complicated cic+tiiig. for instance*, intrcHlucos forces of 
unknown magnitiKk* into the matc^rial of which that casting is nuule, and thc^se, 
when increased by the a()plic*ation of external forces, may catise the casting to 
crack or bn?ak. 

Till* pn^»n(t^ of internal Haws or litowhok*s in tin* material composing a 
forging or coasting, is a source of wenknt*ss that hiis to 1 h* coinjx‘nsaUKl for by an 
tnert*ase in the foi’tor of safety, aiul by can ful tests of the matiTial that is to be 

UHCXl. 

In aeronautital work, lightness in every detail is al>sf»lutely neeessar\% and 
thendore the factor of siifety has to 1 k' cut down t<» the lowt*st |K>ssible limit. 
This c*aii only U* done by a very t‘nn*ful m*lei tion i»f the material iis^*^! for every 
jiart, to ensure that the element of uncertainty in tlu* quality of the material 
is nxluced to the lowc-st |)ossihk* limit. 

In heavier ckuiHc*s of work, the tlead weight of the machine or structure 
iUtdf often im|X)He8 (‘onsidenible stresses on soim* of the* com|x>nent |)arts, 
and in these* c*ases lightni*sH is a usc*ful assc*t, 

Tlie reduetion of the* factor of safety up to a (ertain j>oint Is t*c*onomical, 
because it effects a saving of material without nec-essitating a corrt*8panding 
incn'ase in the exist of weirkmaitship. Beyond this |Kunt. miuctioii of weight 
can cMily bi' amirnplishcHl by «*x|x*iisive mai'hining prenesse*?*, so that the saving 
in material is mon* than eounteracted by tho cmi of n*moving the excess 
from the detail in question. 

Aero engine ))arts an? extnme instorces of the latter condition, and the 
rigid selection of tho materials used, combined with the expt*nsivc machining 
operatiems employwl in remo\dng all exceii» material, make these engines very 
costly to manufculure. 

S^MStS IWd Strains. — Every detail of a machine or structure must be 
designed to Ttm% the external fonx^ that are applied to it, and this entails an 
ifUmdly of loading which depends upon the amount of material available for 
renting tiiose forces. 

This intensity of loading is caUed ** Stress/' and is usually expressed in 
poondh or tons per aqliare ineh of section^ or in kik^:rammes per square 
mUUmelie. 
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As thb area of material a\^labte for this puipose is very seldom oniform, 
the term stress ” usually means tlte grmttst stress {Mfesent in any part of the 
Ai^tail under c4mskleration. 

When any object or material Ls loaded, or stressed/* it becomes defonnod 
or altc^ in* shape. ITiis defonnation is callcxl ** Strain/’ but, for the puqKsie 
of comparison, it is usual to exprcis^ this as a ratio or pen:*fS)tage of the origimd 
^mensions of the object. Tims if an objwt 2 inches long is pulled until it 
becomes 2i inches long, the strain is saitl to lie 0-2o or p<>r amt. of the 
original length. 

Strains are of two kinds. “ Elastic *’ and Plastic.*’ If a pim^ of material 
is subjected to a ioail of mntinually incrc'iising im^iiitmle. it will distort, and, 
provided the load does not exa^ai a cerUun iiiU^nsitv, the dtsU>rtton will disap]M»ar 
when the load is n*moval. This filst4>rtion is Siikl t4> Ik' “ Klastie/* The strt^ss 
at which elastic distortion a*as4^. is (*alUsl the “ Elastic limit,” and. if the Imuling 
is taken beyond this point, {jcrmaneiit dist4>rtu>ti is cibtuiiUHl. This is ** Plastic 
distortion ” or ” Perimuient and the ])oint at which it c‘ommena*s, marks 
the limit of the aseftil life of any itmteriai for t*ngin«s^ring ptirposoi. The corit'ot 
measiin^inent of this elastic limit is thendon* a very irnjjortant pr>int when 
testing material to ascertain its suitability for a structim' or nuu^hine part. 

Stresses are named acconling to the kincl of distortion pnMlueed by them, 
as follows : — 

1. Tensile stn^ss hmjihem or clongat4*s tin* l(m<l«*d parts. 

2. Compression stress shortens the loiidtsl jwirt. 

3. Shearintj strt*ss tends to rut through or across the material. 

4. HentHng str<‘ss is a <'oinbination of t<*nsh)n in one |>ari of the article, and 

coiiipn^ion in another jwirt. 

5. Torsifpn stn*ss 1ms a twisting (*tTa4. 

V'arious materials an^ H|ii‘cially suiliiblc for rt'sisting any laie or inon* of tlu*m; 
stresses. For instance, cast iron is much stn»ngt‘r in compit*ssum than in 
tc^nsion, while some alloys an* strong in tension and compression, but very weak 
in shear. 

Selection of Material. — ^The final ff»rin of any dfisign will depend iiimn 
the kiiul of materials chosen for the constmetion of its c*om{M)nent jxirts. 

Each kind of material has its own range of ustduhu^ss, but in mjmy casoi a 
choice of sev’eral materials Is |K>8sible for the same detail, an<l them oth^ 
considerations than those of stR*ngth must rule. 

In large and costly structure's, fifne is an tm|M>rtant factor, as, |)articularly 
in cases of public conveniena% it is dillicult to renew the structure at shesri 
intm'ab. 

The cost of periodic examination is idso iiii]x>rtani in such eases. It is there- 
fore nea^ssarv' that the maU*riai < h<isen shall bi* durable and reliable. 

In machines or siructmt^s that are exposed to weather conditions, the 
effect of common {e,g, msting) have iui im{xirtant influena^ on the choice erf 
materia}^ and the cost of protecting largii strueturi*s from aimjcUng influenecii 
is very great. UTien machines are being made for use in trojiical or lold 
countries, the effects of tempenUure are sometimes influential, |)ai1iculariy when 
the results of expanrion or contraction have to bo guarded against. The effects 
of higjb^^ temperatures, as met with in locomidive fireboxes and stays, are 
generally very considefable, in many instances ruling out materials that ate 
otherwise stutable* 
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EnM^n iroubiM, due to the action of eteam or other ^ucs at iu|^ 
/ temperaturea and tno%’ing at high velocities, are liable to be serious, as in 
the case of turbine blades. With water it is often necessaiy to take Uus 
into account, e.g. with hydraulic valves and propellers. 

Qenmlly, in Mechanical Engineering, the primary factors (after sfrengfk) 
in the selecticm of materials for a design, arc cJieajmesn, and ease of maeJUning. 
As the object of dori^ is to make a inachim* as cheaply as pswihle, it follows 
that, other things being equal, the material that c^ui must n*adily be adapted 
to the required form, will be the licst for the purptsa;. 

Mecnanisms. — In the fon^oing {mragraphn the problems of design have 
only been conskleml from a statie jxiint of view, but in the design of mechanisms, 
the relative motion of the constituent jmrts is a crucial fac tor, and c^onsidembly ’ 
faiflu^iiec^ the selection of material to lie used in the moving ]>arts. or the parts 
with wluch they are t'soimected. 'Jlie cfl<*ct of inertia in fast-running iiKK^hanisms 
(such as petrol engines) limits the weight of material in siu h parts to the absolute 
mtJiimuin. 

ITifei necmiitates the xm^ of the Inst maUrial available, in its Ijest po^ible 
state, and, in the eas<‘ of thm is aeliievc-d by suitable heat tieatment and 
rigid inspt»ction* I’he influence c»f t'eUfcity is also very gnvit, |)artieularly when 
combined with pressturc, as in the ease- c»f crank pins <»r other highly stressed 
journals. 

This must be met iwcrtly by f»fru*ieiit lubrication, and jmrtly by the use of a 
suitable bearing metal that is c 4i]Md>le of rc^sisting mar with u minimum expendi- 
tun^ of imergj* in friction. 

Stiffness and Rigidity* — Th<‘jsc* are geiuTally highly desimble assets in 
working details, and ore obtained by iIm‘ uh* of the right kind of material 
disposed in a suitable inaiint*r with n‘s{iec( to the* diivction of the load. Thus, 
a bicycle frame made of steed win* would colla|ise immetliaiely, but if the same 
kind and weight of stc^d is madt^ in the* form of tula's, it will support its load 
easily. This principle ap])lit'S to all forguigs, castings, etc., and is too often 
dtsit'garded in the design of derails. 

It may gtmerally bc‘ HtaUHl that in the design of moviiig j«irts, it is d^irable 
to avoid acute angles (with tludr ix)ns«H|uent k)st motion), many joints, large 
relative motions, and heavy ri*ciprtK'ating weights. Simplicity is the* **h^ 
mark of design. 

A dmple machine has tlie ach antage of lM>ing easy and cheap to make, 
with consequent higli prtKluction and rapid delivcTv, few working |)arts, reha* 
bility, Utile oxpemditun^ in reiaurs and a nunimuin of superviskm. It also 
generally pniduciw a better article than does a machine of ^ater complieatkm. 

the materials used only influence this factor to a s%ht extent, improve- 
ments in this dmx^tk)ti aiv often made feasible by the adoption of a better claas 
erf material than that already in us<'. allow ing the design to be made lighter and 
moi0 cmnpact; and often saving many i'omplicaiitms in design mui running 
erf the madime. 



CHAPTER II 


DfFFERENT KINDS OF STRESSES AND THEIR USES IN DESIGN 


Tension. — T\m has already been cleacrilxKl as a stress that toncls^o longthen 
or elongate the body to whkh thi^ stress is applitsl. I'ypieal crises of U^nsion 
in design, arc the stresses in the piston rcxl of a steam engine during the Ijaek- 
ward stroke of the piston, and in the stu<ls which hold the cover in [sisition oti 
any engine eylindcT. Wniere a pure tensirai stn^ss is j>n*scmt. as in the above 
instances, it is an easy matter, knowing the stnmgth of the material, to calculate 
the of n>d, stud, or othi^r jiart n<H*essiir}' to give tlit* nxjuiitHl nviisiance to 
that part. Having de<‘id<Hl the factor of sidety, /. for the ixotieular detail 
under consideration, a test of the mat<^rinl is taken, which shows its tensile 
strength to ho T tons \yer H<[uare inch. Tlic maximum load caleiilatefl to be 
applicKl to the part is L tons. 

ITierefopp, the an*a of the smallest si'ction which has t<i carrj^ that load 
must be square inches. 


It is necc?s8ar\' to empliasise tht* wonls “ smalk^t s<K’tion.” M the stren^h 
of a chain is only that of its weakest link, so the stnmgt h of any casting or forgmg 
IS only that of its weakest section, an<I any material adcliHl eisewheit* is tiselci^ 
from this point of \*iew, as the (Udail is only likely to break at its weakest part. 
Occasionally aiivantage is taken of this fact to put in a ** breaking piece 
which is cheap, simple, and easy to n*place, so that in eas^* the machine is unduly 
stresixxl, this unim{K)rtant jwirt will give way before any othf?r rlarnagi* is done. 
The strength of a bolt or stud, is not that of the shank, but of the section 
at the bottom of the thread. It is adxisable in casc^ of tension pieces, t«> maJke 
Uie mtio of length to cross section ;is great as [sissible, in order U) give the jiart 
increas(*d resilien<x». This is taken advantage of in marine connecting-rod 
bolts and other important jiarts, where the jilain jsirts of the Isilts are oftoo 
turned down to the same dianieter as that at the bottom of the thread^ thus 
preventing all the* 8trt*tch imptKSxl by the load from b(*ing ccmcentrated within 
the comjiaratively short thn^adcvl length. 

The lx*st material for njsisting tenskai Is steel, especially aUoy steels, which 
cm be heat treate<l to grveTenSK^i^rffi^lii^^i^^^ 

per square inch, without Hecomir^ CttidQlV bnllle,"^ ^ IWIWViC 

owing to corrosion and other troubbi, st^f or iron cannot be ased, srd in sudh 
instances the vjirioas, genendly omjilqyed. The great 

vantage of these, hovSStWf^^PreSt, so that if it is posstbte to protect Um 
ated^ or in other ways to render it immune from Uie anticipated timibkiSt it is 
advMUe to use the cheaper matmaL 

Oomposite tnatofiili su^ as maSo^, (xmaote, dc., dmuld nem be 
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«iibjeeted to tonml^ an the*ir nmnimo^ to tliia kind of atrcas is very 

small* 

Fabrics^ ropes, mid bidts an» not simple materials in themselves, but are 
structures dlsmise^i in such a way that they will n*iuiily result teasilc stresses, 
whik? leering uttle ofipoHition to ^tortion in some other directioas. 

Compression*-— This stn ss Umds to ditiiintsh the sire of the specimen or 
jjsrt to which it is applii^d. and therefore incnMisi*H its eohef(*n( e by forcing the 
(larticles into eloMc*r contact with one another. Hie cheapest metal for use where 
compressive stre ngth is rc*<|uircMl is east ^ n. 'fhis can rea<lily lx* made in any 
convmcnt form, and when usckI in of columns or 1 k»x ««*tions, forms a 

very strong aral rigid n*si.Htant, 

When* large, he^ivy, and s^ilid masses of material an* iuHi*sHarv, brickwork 
or eom*n*te is usually €*ni[>loy€*<l. as tht*se can la* irans|K)rti’d in ecunparatively 
small quantities, and built up elaMiply on the jf»b. Th(*v have tla* additional 
advantage of not nmling holt or riv<*t fastenings to hold the various sections 
together, hut an* subj(*et to tlie influence of the weather while eonstnietkai is 
in progn*«s. 

Timbe r^ ia also ustsi to a e<*rtain exf<*iit for ft'sisting c-ompre^ive stresses. 
inafi*rinl nmst Is* “ s(*asonfHi ” Isdore ls*ing usiil, jis othe^r\vis«* it is apt to 
ehatige its sha|j<* wh(*n in use. It is alwi Huhj<*et tc» weather eonditions when 
iis«*d outside, ami in hoi eountrii-s is liable to Is* attaeke<J b\* ins<*ets. Timlier is 
tied sf> n^liable as the materials mentioiit*d alw»\e. but is often us4*<l in construc- 
tional work lK*ertiis<* it is plentiful, in aviation work it is eniplov(*d on ac-count 
of its eomisimtivt^ light n(*ss, Imt in this nsjset it i.s lx*ing .sujX'nHnk'd to some 
exigent by the use* uf nlumiiutini allows and thin st<M*l tubing. 

Alternating Stresses* - In the ejis** of piston nsb, conn(*eting rods, and 
other rcciprcK*ating jiarts. the stnss often varic‘H fn)m tension to compression 
in each cvele of o|HTation.s, Wohler states that the (‘fTt*i t of a jKxsitive and nega- 
tive lornf, aeting altemat«‘ly, is tht* same in its di^tnietm* elTect as a positive 
load e<}ual to the sum <»f the two. Hiat is. if a piston nxi is subject to a 
teiisik* sirt'ss of 2 tons per scpian* inch ami a c*oinj»res.sive stn*ss of 2J tims 
jjcr sqiian* iiieh. the elTec t on the material is the saim^ as if an intermittent 
tensik stn^ of 4.J tons ikt Hpian* ineh wi»n* employed. It i.s doubtful whether 
this cxtnmie view neeil be tak(*n for af! of altenmting stit*s8c*s, but the 
ttmgo of stress must alw ays la* ean*fu!ly eoii8idc*red in siieh iiistaiKX?8. 

SnCAT* — May la* dcsenUxl as the force* which tends to make tiie particles 
, of a body sikle amm one another. 

Whan a metal plate is U*ing puiiehcHl. the area of plate under the punch 
' m forced to aecomjiaiiy the downwani movement of the tool, while the parts 
itnmodiately adjacc*nt to, and stirrcmudtng it, are kept stationary by the table 
of the machine. 

Thus Uio imnchod area is removwl by a sliding motion that is confined to 
a v«^y narrow’ belt of material. 

If the distance between the jioint of ap|:dicatjon of the force and the resbting 
madiam increased, t he conditions become more and more those of “ bendii^ ” 
«i the distance becomes greater. 

This fonn of shear is tlw'refore kxml in its action, but severely distorts tfie 
molal adjacent to the sheared surface. In punched boiler plates, the damage 
it so^^geal Uiat U is eustomaiy to punch out the hoks sniaUer than the me 
fe^uim, mid mm out the material immediately sutroonding ti^ holes* 
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A t^cal case atearing strew is tliat of the rivets which hold together 
the pistes of a boiler, li^en the boilca* pressure rises, the pistes teaid to s&fe 
apart, and are only prevented from doing 8t> hv tl» tfiearinsr stoenirth f>^„^ 
nvete. 

Some metals, while strong in tension and compression, are very weak in 
shear. This is particularly the casi* with many alloys, such as the tin yinc* 
cop^ aUovs. N aval brass is only about half as strong in shear as it is uT 
tension w^nue in w^roiight iron and* steed, the slicaring strength is about four- 
fifths of the tensile strength. 

Cast iron and {^osphf>r bronze are stnmgcr in shear thfUi in tensMon, and as 
shearing stresses are often sed up as a scHxmdary effwt when other stresses are 
applied, this point must Ix^ candully wateluNl. In fact, many briitk^ materials 
when test<^ in tension or eoin]>rt»s?<km actually fail by sliearing. 

Bending. — ^I'he fact that the jstrts of iiunhaiilHins are siddom supjx>rted 
along their entire' length, makes Wilding oih‘ of the most common phenomena 
met with in engineering pnw ti<N*. 

In some inst4mees. such as hridgt*8 and other heavy IxkIm's. uhen' the dtsiatioo 
betwc'on the |M)ints of supiKirt is great, the dead v% eight of tW detail itself 



products serious stresses, but in iiuN’hanical engiwN‘ring this is not usually so. 
On the other hand, the forces applMnl to iiMs hanical c'ngtneering detdis are 
usually from a source exU'mal to the objects themselves, and. being generally 
of a “ live ’* nature, an^ mort' diifieiilt to dt'a! v% ith tluui in the ease of dead 
alight. 

When a force is ap[>lied to a detail, in a tlircetion ix-rjietulicular to its main 
axb, and between two points of support, it |irciducie« a conifMiassioii stress <m 
the skte where the force is applied, and a tension stress on tW oUier skte. 
Between these two skies, the str^ becomes km and less until, at sonw» plane in 
the detail, the material carries no sUess at all. This |Jaiie m called the iif*ulnd 
axis of Urn section. In a symmetrical sectiem, the neu^ axb Im midway 
between tendon and compresiAm surfaces, but in ati tti^yinmetricaJ mc^km, 
it wUl be nearer to tW larger dde. (SeeF%. 1.) 

In balding probfetns, b m tb&teiore noc^ssaiy to sUdy both the kwUe and 
ecnnpieasive skesigths <rf Ibe material to be used, ami if thh mateifal b weaker 
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in in (^mprmmmy tl)^ aedicm moat be designed to allow for this 

fact. 

Formuto mid catcukiions for diffeient lunda of loadings and sixeasee do not 
eonte within the scope of this w ork^ but it is necessary for the studemt at matodidB 
to have some knowledges of these, so that he may apply his knowledge intdlii- 
gmtiy to iqiectfic cases of design. 

For such infomiatkm nwlers an? referred. therc*fon?, to standard pocket* 
bocdui and w'orks on Mechanical Design. 

Torsion* —All shafts, and most other rotating IkkUc’S, art* subject to twist- 
ing or torsional Htn«sscs, and thm? Htn*sHc*s prcsluce slu^aring stresses on planes 
at right angles to the eentn^ lines of the shafts or rotating Inxlies. Torrion, 
therrfons may l)C consuleifd to be a HfK*ciaI ease* of shear, as the latter is the 
principal stress involvi*d. Many shafts, such sis emnkshafts. have in addition 
to the twisting moment. tic*tiding stn*ssc*s, so that any ultimate failure is usually 
the n^iilt of these* combined stmsse^s. 

In the? e‘as<* of a erankshaft, the? torsion or * torque* ’* is not a constant 
quantity, but varices eoiisiclc’n^hly at difTen^nt txants of the cvcle\ An increase 
in the nuinlsT of eyliiielerH in the engine, makes the tuLsting moment or 
torque” inneh more* uniform, hut in any ea-^e*, the proportion of the load 
carrieci by the outside lay«*rs of the shaft Is much gn ‘liter than that carried by 
an equal area ne*ar th«^ e<*ntn* of the* shaft. Th<*n*fore, in aero engine and 
marine* crankshafts, vvh(*re weight is an inijsirtant iteun, only the outside and 
mort* eflifie'iit layers an* imnl, the shaft U’ing IkihhI hollow. 

in complex easc*s suc h as crankshafts, lio\vev«‘r, it is imjK>ssible to estimate 
ihe streHse*s c*arric*d by the* rlifTc*n‘nt |K)rtions of the shaft, as it is ci*rtam that in 
very few casc?s is tlu' stress uniformly <Ustribute*d ovc*r the scx tional area involved. 

For (he purfKise* of caleulation. it is usual to express the effect of combined 
twisting anci lK>nding in the form of an ** <*qui valent twisting moment,*^ and to 
c^mndete Uie calculaticm as if the shaft wf*n* in pun* torsion. 

For this pur|Kis<*, the nKsluIus of transiersc* elasticity is required, mid the 
avemgi* values of this quantity are givc’ii in Taldc* 8, s<‘<* Ap|)onciix. 

working Stresses.*-- In this work, it is not intended to give any list of 
sirrsaes suitable for use in cliffenmt designs, to do so, it would be neecssmy 
to give s(MH?ial figures, not only fc^r eac h kind of detail, but for many different 
kindii of design and material vvithin those limits. 

Evim then, the figun*a would be of little value to designers, as each new <»8e 
has to be oon8idt?rtHl on its merits, and ihe increased use of tiie Impact Test 
has tMMisiderably inodificHl factors of safety that were previously accepted as 
statidmYls. 

A very oomtnon iwtictice is to base the factor of safety upon the breaking 
atreiig^ of the material in tension, but the authors hold that this is illogicd, 
as dm eJaaiio limit marks the end of ihe useful range of stress in the matcrad^ 

Jt the stress in any detail exccieds the elm(tic limit, there w ill be a certmn 
aiMunt of permanent stn^tching w ith each application ci the load. This will 
uldmatety result in the faihiro of the detail, and therefore the moat logical 
ci^fmate of the factor of safety is based upon the ekstie limit. Him is partiem- 
la^ important, as tiie ratio ^ the elaatic limit to the breaking strengm variea 
ccmakk^ly In diffemit materials or in varietiea of the sanm matmkl. In 
soft (stoel, the elastk limit is usually from cme-balf to two-duxds cl tdlimate 
atmigdi, while in very hard sled the two are oftoi neariy k^tfoaL 



vimmmr of stRias^ & their usis m desion 

Tlie moet rationa! mrn^&skmt for ordinanir live kada (i^art £rotii abcK^lai), 
woold appear to bo Uie use a woddng stresB of abcHit half the gtrm at ehatio 
limit. Thk wouU result in higher* worMng streesos than aie at pneaent amnlby^ 
used for many parts, but In view of the expt'Hem^ gained wiUi n^^y 
gtresaed details in aviation work, it is evident that the working streasoe in nm 
up to comparatively recent times, can be considerably Increa^ with perfect 
safety. 

Tliese remarks, however, are subject to the efficient mH|x?ction and testing 
of the raw materials suppikd. 

It is obvious that if the inaterial dcics not mivt the speciricattim laid <Iow*q 
by the d^rigners, no fa<*tor of safety is of any value. A blow hole. Haw, or seam 
in the casting, forging, or bar coinpri-sing a machine detail, ma}^ u|isiH the hmi 
calculation ami lead to infinib* toaibh* and much exfxiuH^ 

Superficial examination an<i <‘arcfid scrutiny of the inaterial snppikxi by 
contractors pays for itself many times over, in pnitinging the reputation of 
the manofactaring firm, and n ducing the possibility of Im^akagesand subsequent 
replaoen^ts. 

The moral effect, on the supplier, of sm-h in^jKX'tiou is a factor of ^at 
value as it frequently prevents the delivery o{ p(w^r-grade material, and 
this, in turn, reduces the cost of prcKliietion l)\ avoiding delay and 
rejections. 



CHAPTER III 


TKSTIKO AND MEASUREMKNT OF STKKSSES 

Principles to be Observed.— The vomKt meamin^nunt of Btresiies in a 
maehmo |>art or Htnietiin* in goncmily iiiiprar tif‘al)l4*, cming to tlje size, form, 
and position of the pari, it b then^fon* adviniihlf? either to test a 

model of the fmrt or stnietun*, or to nicaMm* the stntis nf*< (*ss4ny* to break a 

I noce of nimilur material ho that u fairly eorn‘et (‘stimate may lx* made of the 
actor of safety. 

11m* former method b soiiM^what cmtly, and can only Ik* adopted when 
V€^ry large stnicturt‘H have to lx* em ted, or when many similar stnjeturt‘s have 
to Ik* maih;. 

I’he iiu*tlKKl UHUjdly adopUd in mechanical work is to sele ct a piece of the 
material that is to lx* usckI, and test it to d<*stmction. This is done* in a testing 
nuudiine, which therr fon* may lx* rcsolvtKl into two f>ortions : — 

I. llie apparatus for applyimj the str<*ss. 

2. The apjKimtUH for vmmtring the stress. 

ITiese two jmrts will Ik* (h»alt with Hi'jmraUly, as any of the met hods enomer- 
attxl. Wow, for applying the stn-ss, may lx* usc’d in conjunction with any of 
tlie known methcxls of measuring the stn^as, though for some purposes jiar- 
ticular comlnnationH art* prc*ferahle to others. 


Straining Gears 

ITie appliancx*s uscxl for loading a test iritM'f arc* known in the shops as 
** straining ” gc*ars. The cajme ities of various machin(*s range from 1 lb. to 
6.000 tons, and it is theit’fon* obvious that many different ty|K*s of straining 
gear must be* used. 

Thi*y may lx* divMh*d into five elasses. according to the iiM*th(Kl of applying 
the dri\ing force : — Gnuitv. Hand tlrivo, Mi drive, Ekx trie drive, Hydraulic 
pre«8uit\ 

Gravity Straining Gears.— In this fonn of straining gear the load is 
applied to the s|XH'imen by means of a falling weight. As the load mi^ be 
applied gradually, a das}i|K)t attachment is usually incorporated with the 
loa^ng device, to prevent too rapid stressing of the sjxx*imen, and to avoid 
premature frai^tim*. It is evident tliat this niethcxl can only used fcxr small 
capacities, as otberwise the weights used would be \'ery unw*^ldy. 

F%« 2 shows a small machine made for t<>sting l^o fitau^nts in tenskm. 
Tti^ stress h applied by means of a brass {dungex which is allowed to fall fai its 
cyUndeor by running out the oil tmm the bottom. The flow* of oil is reguheted 
by a needle valve trough which it passes on its way to tiic res^oir fomied by 

* 10 
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the etdMged top of the cylinder. The ram is allowed to return at a raf^ rate 
by opening a large ralve, which itself forms the seating for the needle valve. 

■nie kwr shown pivoted to the top of the cylinder is used few retumhig 
the ram after each test, and at the top of Uie stroke is trapped automatically 
ly a trip gear, while the broken specimen is taken out and a new* one inserted. 
Tlie large valve is then closet!, leaving the needle valve opt*n to the same extent 
as in the pre\ious tests. 

All tests can thus be made at the same rate of loading. 



Fio. 2. — Testinf; Machine for Fibunenta (Oravity*driv«i|. 


Hand'prqi^ed Straining Gears.— In this type of gear, the bott^ 
erf the specimen is iiucrted in a berfder mounted on a screw called the strain- 
ing screw.” 

Hiis is prevented from rotating by means of a key, but is free to move in 
tite dheetkm of its lengdi. A worm wheel, with a threaded bo^, lotatee 
about the screw and causes Uie latter to move up or down, aoeonUi^ to the 
of folalaoii. 

la raaehfaiee of maB capadty, the worm ahkrfi rotates the worm wheat 




^ - Matebiais a design 

BMW be drIvMi directly by a handwheel, bat in lainer machinoe, a pair w a 
’train ct gean in intcrpoaed between the handwheel and the worm gear. 



. Fio. 3.— UnivoTMl Tetting Machine (Uand-driven). Capacity 1(^000 Iba. and 10^000 
ia(ji>nia. Temrion, Compieadon, Bending, Siieariag. Toraion, and Cement Taata. 

; . In the oi&hine ahown in jF%. 3, three gear speeds are {wovided to altow 
^iqwflipynof bbmJI mkI heavy aectioD to be handled omvenieQtfy, and to attow 
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a qitidc return <A tlie aotew between the end of one test and the beginning of 
the next. 

A hand drive may be adopted for ma<^inc8 with capacities up to 20 tons, 



bat lor anything exoeecUng 6 tons ^e test is so slow and labodoos, that H 
gBiien^y pays to have a power-driven machine. Tbe advantages of the band 
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drive Me oheepneM, ffomjMctoem and mihability for fjo«fitioiu< where no power 

is AvaUabk. 

QeneraUy, howevtT. it in j>referal»le to l»a%’e a jMiwer-driven machine, on 
aocount of its greab'r «|a-etl and eaM* of workinti!. 

Belt Drive. — m Kiniilftr tci thi' haiul drive in having a worm dri%'en 
HCTBW for applying the loud, Imt in driven hy pulkyn in>«tead of a hand wheel. 
Uauailv fafit and IcKiHf* ptilieva t4»gi‘ther with u la*lt Hlriking gf*ar an* incorporated 
with tlie machine, tu* that the nt mining gear c^rntrol is w ithin ea^^y rt^ach of the 
operator who ha« alno to olj«<*rve the weighing gf‘ar. 

A typical Ixdt drive*!! iimchine is nhown in Fig. 4. In thi>i machine^ an 


Crmt0s 



Fio. Tj. — Mu!ti|ilit-kv<T 1 VaIui« Machine. 


extra jMiir <rf snmll pulleys is provkltMl to give a gn‘ater Hjx‘t‘d for n^tuming the 
atraining sc^tw thfui can W u-stnl in the a( tuul tenting oia mticavs. It should 
lie rcinembt'nxl that the dinhirtion t»f the N|M*eitnen. which is IhuukI to occur in 
ever}* teat, is taken up hy a ilowuwani iiioveiiieiit of the* straining screw, and 
that this distant^* has again to U* traversiHl hy the 8C‘n?w the spec^imen 

hdkler is In the right ixisitkm for the next test. With belt or electricaHy 
driven iiiaehines a cHinsiih*nible ainount of time is wasted U^tween cmisecative 
ti«its, unlei^ mnne cuiivenumt means an* provided for n*tuming the soiew 
rapklh* to its initial {lositioii after eac*h test. 

Whw machint^ of large capacity (c.g. above 20 tons) are designed, the 
ilmiitfaig screw becoinca very bu^?. and to avoid t his, and also to jHovide more 
fMsUUea for inserting te^ pieces, multiple iwn*ws are souM^ttmes used« 

Time are my convenient in manipolatii]^ the machine, and for this xeaacm 
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multiple screws are occamonaUy adopted in smaller machines. The number 
of screws used is two. three, or four, depending on the sum* of the machine. 
Those must rotate simultaneously, and so they are generally «lrivt*n by a single 
8|>ur wheel which n^lates the rotation of all the others. This arrangement is 
shown io Pig. 5. 

Hie threaite and nuts on the straining screws must bo very randully made, 
as otherwise all or most of the loivl may come on om> c'omer of the t4*st hokler 
and break it off. Multiple screws are verj^ c^onvt'iiiciit for applying bcmillng 
and t^mprci^asion tests, as \nll Ik* flesi riUHl later. 



Fig. (5, — Helt-driven Chain Ttr?iting Machine. Capac ity 20 tons. 


The advanti^^ of a belt driv e over a hand drive* art* superior sjkkhI and ease 
of working. 

Its advantages over other fomis of |M>wer driv'C are cheapness and ease of 
apfdieation, as all works have soim^ amvngement of shafting to which a belt 
drive can be apfdied. 

The great disadvantage of a Ixdt drivt? Is its inlk*xibUity. The macdiiiie 
cannot te controlled easily, and thif readings are liable to be inaccurate for.tbia 
reason. WTienever possible it is preferable to use ek*ctric or hydraulic control, 
as greater Hexibility and ac*euracy can be obtained in that way, 

A belt*driven chain testing nuKhine is shown in Fig. 6. 

Electric Drive. — I’he arrangement of straining gear is mmUar to that 
used in tlwf case of licit drives, but the gearing m driven by an electrie motor, 
pr^erably by a variable speed mc^r. 
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The lailcc k a groat oonveiiiJeiice, m it otiabtes the Htrainii^^ nrpeed to bo 
. adjusted easHy and quiekly to suit the kind and me df material under test. 

BriUk materials ore b^t tested a ith a fairly slow lomluig, w hila very ductile 
matmab can lie pulk*d much inon? rapidly, owing to the large amount of 
stretching that takes place just ljcft>re fracture. ITiis < uuses mueh waste of 
time in a co^tant'S])!^ machine, as stn^ching |K*riisl b lengthy, and during 
this tinwmo useful ohjcnd is sem-d by k<?eping the npt^^d down U* the limits 
desirs^iim when running the Hirem up to the f lastn^ liuitt of the iimterial. A 
nmtdr working on direct current can Is- ma<le with a sj)e<d variation of 300 to 
IfSfyO ravoluttonn minute, and w ith suitable riMiuction gearing, this speed ratio 
a convenieiit one for ti-sUiig pur|M>s<^. Higher niticw than 1 to 4 cannot 
conveniently bo ohiaijietl, but if a im-ehariiiul change sjiet <1 gear is also incor- 
porated in tht* machirun any di^ired sfieeii mtio an is- imnl 

The siz<* of motiir r«*qiiire<l for a 25 ton iiiai hine is alK>ut 2| 11. and it is 
preferably fittcHl with a piij^T or niw hi<le pinicui to avoid noise. Jf the worm 
gi^ar is totally enchiseil and innnerse*! in an oil hath, as in llit» machine shown 
in 7, the nuintng k pracliwilly noijH-hivH and vi n* HiiKwith. 

Tile sjK*ed f‘oiitrol gear is inouiiitHl <m a HwiU hboanl mar t<», or attaclu-d 
to the machine. f«» that the oix rator may travf rnc- the tni\eiling jH>ise with the 
loft hand, ajul contoil the sjKH'<l with the right. It is also very ustdiil to incor- 
Jjomte with the switch giar a n viTsiiig switiii, so that the straining screw 
eanrht» run kick by jK>wer inst4-ad of by lianil. 

A dilli<*nUy iKcurs tit the eas<» of alteniating curRiit motors, due to the 
fact that, whiii the ksid im nais-s, the sjMtd of the mut4)r dwre^isc^s. As the 
low s|se<l is generally nHjuinMl at light loads, and tiu* high sfSHMl at heavier 
loads (except when rftiirning the si*rcw for another lc*st), it is ach lsable to use 
diit^et current w henevc-r jKissible. 

ITie advantagt'S o{ the cits trie drive an* actuniey. tlexibility, cleanlineas, 
«Ueiict\ and east* of inanifmlatMin. 

It is nnnii costlier than the Is li drive*, and in some* caM*s is not so easy to 
apply, but is pnierable t<» the latter in every other n*sjRH t. 

As wnnjiared with the hydraulic nuuiune, it is €«heapc*r if the cost of an 
accumulator is included with the* latter, hut if a steady hydraulic pressure is 
aln>ady availahlt*, the elin tru' luaeliiiu- is the moiv exjii»nsive of the two. 

It is also slower than the hydratilii* imu’hine. hut is more cleanly and is 
not subjc'ct to the disiid vantage ol Joints iuul |iiu*kings Uiat are liable to give 
way or feak. 

Hydraulic Straining Gears,— These* ( onsets of a hydraulic cylinder in 
w hich the ram is iiiovihI outw ards by hydraulic pressurt* ranging from 1,000 to 
4,000 lbs. jK'r si|ttarf' inch. It is lK*tU*r, w henever [lossibk, to adopt a fairiy 
low^ pressure, say 1 to 1 IIjs. js'r si|tiarc* inch (although this entaib a 
laiginr cylincU»r than would otherwise- k* re<|uin>d). as mon* trouble is expeii- 
moed with Joints and {lackinp when high pit*ssunni are us«d. 

' Abo, high pressuit' pumt»» give moit* trouble and cost of upkeep than do 
]ow*pfesiuiv pumps. li is advbahb to instal an ac cumulator in aU cases w here 
bydmulio fmmnte is used, as othenvise, the me of pump n*qui]ed for moving 

itiamiiig mm at its maxiinutu spml b exetwrin*. An accumulator scarves 
. 1 ^ a msm^oir of ent^ that can be drawn upon when needed, and abo 
; ilswdttBfi the preesom^ pcevmtuig the pubatiims of tiie pump frmn leadhitur 
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This is done in the 300-ton machine installed at Birmingham University^ 
and diagrammatioally sho^n in Fig. 8. 

In this machine, the hollow ram slides on a guide, to the centre of which is 
Introduced town water under a pressure of about 85 lbs. per square inch, for 
returning the ram after each test. 

Quick adjustments of the ram before, and during a test, are made by supply- 
ing low-pressur^water through the pipe shovm in the bottom of the cyUnder, 
while the higj^pressure water at 1,000 lbs. per square inch is only applied fm? 
actually stnstching and breaking the specimen, thus effecting a considerable 
economy./ 

In tM case of small machines, the ram is generally returned by a counter- 
weightT^ This must be sufficiently heavy to balance the weight of the ram 



Fie 8 — Straining Gear lor 300-ton Testing Machine. 


itself (when this works vertically), to expel the water from the cylinder and 
through the exhaust pipes, and to overcome the resistance of the hydraulic 
leathers which form the packings. The friction of the packings is particularly 
great when the machine has been standing for some time, and for this reason 
the balance weight should be considerably heavier than the ram. 

The chain supporting the balance weights must also be parallel with the 
c^tre line of the ram, as otherwise the side pull of the chain consid^ably 
increa^ the friction and may cause the ram to stick in the cylinder. 

- This actually happened in the machine shown diagrammatically in Kg. 9, 
and the town water connection (shown dotted) was added to overcome the 
oxtra friction resulting from the obliquity of the chain. 

Another form of hy&aulic straining gear is shown in Fig. 10. This is operated 
hy n^eans oE a rotary pump of the “ Hele Shaw ’’ type. The action of this 
been frequmtly described in the technic^ press, to which tiiose 
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who>te interested can refer.* The even delivery of oil from a rotary pump 
of this kind, makes it possible to dispense with an accumnlator, and to run the 
machine by means of a motor or belt. The speed of the ram is controlled by 
means of a lever or handwheel which alters the stroke of the punlp pluiSgers, 
and gives any delivery of oil from nothing to the full capacity of the pump. 
The only objection to this form of straining gear is the fact that if the pump is 
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Fio. 9. — Straining Gear of Hydraulic Testing Machine. Capacity 20 tons. 


not very aceurately mMe, oil is liable to leak past the plungers at high pressures, 
and so limit the capacity of the testing machine. 

; The great advantage of hydraulic working is speed. Whereas the maximum^ 
speed of the ^crew in a belt or motor-driven machine is generally about six 
inches a minute, that of a hydraulic ram may be anything from two to four. 

. V 

^'^is is a great convenience m such cas^ as chain or spring testing, whe^ 
by the sc^w or ram is comparatively great, 

5 
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lit te also yeiy flexible and easy 

Its disadvtotages are, cost and large floor space occupied (where special 
and accumulator have to be provided), and leakage from ram packings 
and joints, causing the machine to be somewhat messy in operation. 

' /As a general rule, machines with capacities ranging from 25 to 50 tons are 
cb^t driven electrically, unless a long working stroke or rapid movement is 



FiO. 10. — Testing Machine with Straining Gear and Poise driven by Rotary Pintops. 


' Called for. Between 50 and 100 tons, the choice of electric or hydraulic drive ’ 
the conditions at the buyer’s works. Above 100 tons, ■ 

Jydiirillc: machm 

; ; Gears. T~The measurement of stresses or loads whm t€«rtin# 

: ip^ighing^o but as the load to be measured is variable, the prpb^ms 

ve^ different from ortoaiy weighing problems, where the 
(juantity.- The operation of we^teg 
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in$tahtaneous/^;an mdicatiom of the meajsarmg apparatus must follow 
the load appli^ by the straining screw without appreciable “lag.” The 
hidioators generally used for this purpose may be divided roughly into three 
classes: — ^ 

1. Mechanical. 

2. Electric. 

3. Hydraulic. 

Mechanical weighing of aU kinds is usually based upon the principle of 
the “ lever,” though departures from this principle are occasionally made. 

These wiU be described later, but for the moment the lever machines only 
wiU be considered. 

Lever Machines. — ^These, again, may be divided into two classes, viz. 
Single and Multiple Lever Machines. 

The difference between the two is primarily that of size. When a heavy 
load has to be measured, it is impossible to balance it directly by a known 
equal weight, as in the case of shop scales. A steelyard is therefore used, 
where the load is suspended from a short arm, and a smaller weight is moved 
£dong a longer arm until the two sides are in balance. 

Th© balancing effect of the small vreight or “ poise ” is thus increased in the 
ratio of the leverage. Thus, if the load to be measured is 10 tons, and the 
travelling poise is 5 cwt. ( J ton), the distance from the poise to the “ fulcrum ” 
(point of suspension) of the lever must be forty times the distance from the 
load to the fulcrum, to enable the small weight to balance the large force. 

If the load is very large (say 50 to 400 tons), the lever required to balance 
it becomes very large, unwieldy and costly. In such instances a pair or series 
of levers is often employed, the last of the series being used as a measuring 
lever or “ steelyard.” This enables short levers, and a small poise weight to 
be used, as the total leverage is considerably increased. These machines are 
termed “ Multiple-lever Machines,” as distinct from the “ Single-lever 
Machines ” in which only one measuring lever is used. 

Single-lever Machines. — In these machines, the load applied to the 
test piece is taken by a hinged shackle, w hich transmits it to a hard steel knife- 
edge, which is fixed in the steelyard. The steelyard itself is supported on the 
frame of the machine by means of a second knife-edge, which rests on a hardened 
steel bearing. 

This arrangement is shown diagrammatically in Fig. 11. The steelyard, 
has one or more machined tracks along wfrich the poise slides. In large 
lAachines, the poise on rollers. 

The propulsion of me poise is a difficult matter, as it must' move smoothly 
along the steelyard during the testing operation, and the propelling mechanism 
must not interfere with the weighing oi)erations. 

. Tto ia done in the small 'machine shown in Fig. 3 by attaching the hand- 
wheel that propels the poise to a small toothed wheel. The latter gears with 
Another toothed wheel of the same size in such a way that the point of contact 
Tof the teeth, is directly opposite the supporting knife-edge of the steelyard, 
r ^Thus; the force exerted through the teeth of the gear wheels does not affect 
’ this free oscillation of the steelyard. The motion is then transmitted through 
•; small'bevel gears to a quick-pitched screw, and the poise is moved along tfo. 
i sjfelyard 'by m of a half nut which engages th^ screw. To ^ye ^he tiffi 

fuid^tix)hble of win tlie poise back again to zo^o when start^^ n^\y 
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this nut is fixed in a plunger which can be lifted clear of the screw, when the 
poise can rapidly be pushed back by hand. The weight of the poise on a machine 
of 5 tons capacity is about 80 to 90 lbs., and this can easily be moved in the 
manner described, but poises on larger machines are situated at a greater 
height from the ground, and, being much heavier, are more difficult to move, 
so that the poise propelling gear is more complicated. This consists of a 
handwheel rotating a vertical shaft, which drives a horizontal shaft, through 
^vel gearing. This shaft has a universal joint directly opposite to the steel- 
Imife-edge, so that one part is fixed to the frame, and the other oscillates 
Slely with the steelyard. The steelyard end of this shaft is connected by 
gearing to the propelling screw which drives the poise by means of a half nut. 
This arrangement is shovm in Fig. 7. 

If this method of dri^dng the poise is adopted, it is advisable to avoid the 



Fig. 11. — Arrangement of Knife-edges and Bearings in Single-lever Testing Machines. 

use of chains, belts, or ropes as far as possible, as the backlash creates difficulties 
when reversing the direction of movement during a test. 

The machine shovm in Fig. 10 has two rotary pumps driven by an electric 
motor. The pump shown on the right-hand side operates the straining ram in 
the manner already described, and that on the left works a water motor of 
similar design to the pump. This water motor operates the poise propelling 
gear, so that the speed of the poise can be varied to keep the steelyard in balance 
on its knife-edges, by operating the control lever or screw. 

A belt drive is also used in some instances, but as this can only be used at a 
constant speed, it is of little use for accurate testing. It is convenient, however, 
for returning the poise to its zero position at the end of each test. In these 
machines it is advisable to have an alternative hand drive for the poise so that 
it may be traversed slowly when required. It is probable that this difficulty 
may be surmounted by the insertion of a slipping clutch between the belt drive 
and the poise screw, so that the speed can be varied over the entire range by a 
•simple lever movement. 

The control of poise movement on small machines is much simpler, and is 
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capable of greater refinement than it is on large machines, as in the latter 
c£^, the inertia of the poise is so great that starting and stopping the poise is 
a matter of some difficulty, and this makes the use of automatic appliances 
veiy difficult. 

Methods of traversing small poises will be dealt with under “ Multiple- 
lever Machines,” as single-lever machines with small poises are usually 
controlled by a simple hand gear in the manner already described. 

In some machines, the weight of the poise only enables the test to be taken 
up to a small portion of its total capacity. For instance, the 10,000-lb. testing 
machine shown on Fig. 3 is only graduated up to 1000 lbs. on the steelyard, 
the other 9,000 lbs. being obtained by hanging loose weights on the end of the 
steelyard. Intermediate readings are obtained by running back the poise 
to the starting point before adding another weight, or by supporting the steel- 
yard while the weight is added, and then returning the poise. 

The advantage of the loose-weight system is that it enables a more open 
scale to be used, with consequent convenience and accuracy. 

. Thus small specimens may be tested wdth the same accuracy as large ones, 
so that the range of usefulness is increased. 

This is very con^Tnient for Technical Colleges or research work, and also 
for small factories, where the \vork is of a varied character and where the cost 
of a large machine is prohibitive, but for ordinary commercial w ork, the time 
taken in ruiming the poise backwards and forwards o\ er the full length of suale 
during a test is a serious drawback. In fact, the use of loose w eights is equiva- 
lent to increasing the length of the steelyard in j^roportion to the number 
of weights added. 

Another, and better method of increasing the range of the machme is to 
divide the poise into several parts. 

The 100-ton machine showm in the Frontispiece has a poise weighing 2 tons, 
but the various parts weigh 1 ton, 10 cw t., and 10 cw t. respectively. There are 
three scales, reading to 100 tons, 50 tons, and 25 tons, which can be used 
respectively when the entire, half, or quarter poise is moved along the 
steelyard. 

A vernier should be fitted to the poise to enable subdivisions of the markings 
on the scale to be read accurately. 

In some machines alternative pairs of knife-edges can be put into use, 
altering the leverage of the machine and so making it suitable for small or large 
specimens as may be required. This method is not so good as the split poise. 

Knife-edges.- — ^The accuracy and usefulness of anj^ lever machine, 
depends entirely upon the correctness and reliability of the knife-edges. In 
small machines these are usually made from a bar, the ends of which are 
machined to the required form, and the centre driven into the steelyard acts 
as support. Large machines, however, have a backing of softer steel into w^hich 
the hard knife-edge is fitted. The support consists of a round bar into which 
a ^oove is machined to hold the knife-edge. The latter is a piece of ^-inch or 
|-inch square steel let into the soft steel backing, and one ec^e of the square 
is used as the knife-edge. When this wears or chips, the other edges can be 
used. The steel used should have a high ultimate strength, together with a 
high resistance to penetration and abrasion, and a marked degree of ductility 
and toughness. If the knife-edge is glass hard, the ductility is sacrificed, and 
the edge is apt to chip off. 
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i The steel generally used for this purpose, contains about 1*2 per cent. 

r;^arbon, and has the following physical properties after heat treatment ; — 

Ultimate strength . . . . 54 tons per square inch. 

Elastic limit . . . . 45 „ „ 

, : Elongation . . . . 2 per cent. 

steels such as Chromium, Chrome Vanadium, and Tungsten (high speed) 
steels are also used, and in the case of Chrome Vanadium steel, the absence of 
excessive warping when the knife-edge is hardened, gives it an important 
advantage over other steels used for this purpose. 

The analysis of a suitable steel for knife-edges is, Carbon 1 j>er cent., 
Chromium 1 per cent., Vanadium (when present) 2 per cent., and when heat 
treated, this steel gives the following test results : — 


Ultimate strength . . 
Elastic limit 
Elongation . . 
Scleroscope hardness 


90 tons per square inch. 


72 


j j 




5 j)er cent. 
90 


The great difficulty experienced with large testing machhies is the length 
of the knife-edges. The usual loading allowed is 5 tons per mch length, l^t 
this figure has frequently been exceeded. As much as 25 tons per inch ler^|^ 
has been used, but this is very exceptional. With the standard loading, tlie 
knife-edges of a 100-ton machine are 20 inches long, and it is a matter of some 
difficulty to get these straight after hardening. They must be dipped vertically 
into thin oil. 

The distance apart of the knife-edges is a most imj^ortant factor in the 
design of the machine. This depends very largely on the design of the link to, 
which the top grip holder is attached, but for large machines the proportion 
is 3 inches for every 100 tons capacity. For smaller machines the chstance 
apart is usually 2 to 3 inches, ow ing to difficulties of design w hich occur w hen the 
knife-edges are very close together. 

The ratio of leverage in a 30-ton single-lever machine is usually about 
60 to 1, but machines have been made wdth a ratio of 500 to 1. It is not good 
practice to exceed a ratio of 100 to 1 in single-lever machines. 

Horizontal Machines. — ^The machines described hitherto, have all been 
of the vertical type, ^.e. the tensile specimen is pulled in the vertical position. 

These are subject to the disadvantage that long specimens cannot be tested 
without having a very tall, and consequently awkward, machine. For such 
purposes, the horizontal machine is much more convenient, but it has the 
dis^vantage of requiring a lever of the “ knee ” or “ beU-crank ’’ type. Most 
horizontal machines have multiple-lever weighing mechanisms, but the 
“ Werder ’’ machine, which is diagiammatically illustrated in Fig. 12, is a 
single-lever machine, and is used to a considerable extent on the Continent. 
It w^ill be noted that the straining and weighing gears are both at the same end 
of the test piece, so that extensions of any length can be put in the machine, 
to enable very long specimens, such as “ struts,” to be tested. The authors 
prefer (whenever possible) to use a vertical machine for testing, as the specimens 
are much more convenient to handle in this way, and the weight of the specimens 
r::When tested in compression does not influence the results. 

- Sir Alexander Kennedy, however, makes the following observation in his 
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paper on “ Engineering Laboratories/’ read before the Institution of Civil 
Engineers in 1887 : — “The notion that a strut tested in a horizontal machine 
would naturally tend to buckle downwards because of its own weight seems a 



Fig. 12. — Werder Testing Machine, Lever System. 


mistake. The author has found just as many to buckle upwards or sideways 
as downwards. For the proper testing of a strut, stiffness and accuracy of 
end bearings are practically the vital matters, and in this resjDect one t3rpe does 



Fig. 13. — Combined Tension and Torsion Testing Machine. Horizontal Type with 

Multiple Levers. 


not seem to have any advantage over the other.” Other authorities, however, 
contradict this statement, and it is quite likely that under many circumstances^ 
the horizontal machine is distinctly inferior in this respect. 
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Multiple^iiter Machines . — In these machines the leverage is con 


POISE 


STEELYARD 




PROPELLING 

HANDWHEEL^ 


EXTENSION 

SCALE 
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SOLENOID 

i 




WITCH 




STflAlNiNG 


Fia. 14. — Wire Testing Machine. Capacity 6000 lbs. Poise Gravity -driven 
and Electrically controlled. 

siderably greater than that of single-lever machines, and this increase is 
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obtained by using a series of levers, so that the steelyard, or final lever can 
be comparatively small, and the poise very light. 

This makes the machine light and compact, but entails the disadvantages 
of a short and close scale and numerous knife-edges, each of which is a potential 
source of trouble and inaccuracy. 

Some machines have as many as eleven to fourteen sets of knife-edges, and 
are decidedly inferior to single-lever machines in this respect. 

A typical multiple -lever machine is shown in Fig. 5, where the frame is 
mounted on two forked levers, and the load is transmitted by them to an inter- 
mediate lever, which is connected by a link to the steelyard. 



Fig. 15. — End of Steelyard of 6,000-lb. Wire Tester, showing jNIethod of controlling 

Poise Movements. 

Most horizontal machines are of the multiple-lever type, -and a machine of 
this kind is shown in Fig. 13. 

The load is transmitted to the bell-crank levers by a shackle suspended 
from the frame, and is then taken by links in the usual way to the steelyard. 
The small poise used in multiple-lever machines makes it possible to adopt 
automatic traversing devices. 

The machine shown in Fig. 14 has a poise worked by gravity. A weight, 
falling steadily in a tube filled with oil, works the poise by means of an endless 
chain. The latter also drives a small worm wheel that is fixed on the end of 
the steelyard, and is geared with a Avorm which it thus rotates at a high speed 
(see Fig. 15). A solenoid is fixed on the end of the steelyard, and its winding 
is connected to tw^o contact pins. When the steelyard falls, the contacts dip 
into two mercury cups connected up to an electric circuit. This causes current 
to flow through the solenoid, and applies a magnetic brake to the worm spindle. 
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The latter is Stbp^d by the brake, and arrests the movement of the poise 
immemately. The poise remains stationary until the steelyard is restored to 
equihbrium, when the contacts rise clear of the mercury, brealdng the circuit 
^d releasing the magnetic brake, which is 23 ressed out of action by a spring. 
Thus the machine is automatically controlled. 

In some machines, the poise is made to move both backwards and forwards 
by means of electric contacts above and below the steelyard or by a rotating 
disc, up^n the face of which a roller rotates. In the latter case the speed is 
varied Ig^ioving the roller from the centre tow ards the circumference of the 
disc, motions are obtained by moving the roller across the centre 

of the disc"^ the other sid|^ 

Automatical cdntrolleJf poises are not so accurate as those driven by hand, 
as the inertia of the moving parts prevents nicety of control, but they are very 
convenient for raj)id work, such as wire testing, and other routine tests. 

Calibration and Accuracy. — ^The best method of calibrating lever 
and other testing machines is ^ the use of a know n w eight, but ftwv firms have 
standard weights of sutficien^^size, and even when these are obtained, the 
cost and difficulty of handlin^sufficiently heavy weights for a large testing 
machine are prohibitive. ' * 

A good method is to use copj^r crushing cvlinders. but a standard tension 
test bar may also be emiDloyed. ^ 

This is stressed w ithin the elastic hmit on the machine to be tested, and 
on a standard machine, and the extensions in each case are measured by means 
of an extensometer. 

A calibrating lever is usually supplied with the Werder machines, and4^' 
system of levers and weights by Messrs. Kiehle, for the same j)ur 23 ose: 'i? 

The accuracy of a testing machine naturally varies according to iti^ge, 
treatment, and condition, but the following remarks may be taken ^t|yillus- 
trative of cuirent practice. 

A 25-ton machine, is usually graduated to read to yj- ton on vernier, 
and this is sufficiently accurate for most commercial purposes, dtt correctly 
made, however, it should easily move with the application of 4 to 8 ozs. to the 
top holder. Of course, the accuracy wffien loaded w'ffl be considerably 
less, but this gives some indication of the sensitiveness of the machine. 

Kennedy * gives the follow ing table for the sensitiveness of kiiife-edges 
under various loads : — 


Total pull on test piece. Addition to pull that caused first 
visible falling of steelyard. 


p 

V 

P 

lbs. 

lbs. 


5,000 

40 

1,250 

10,000 

50 

2,000 

15,000 

5*5 

2J28 

20,000 

1 60 : 

3,333 

30,000 

1 7-0 . 1 

4,286 

40,000 

8-0 

5,000 

50,000 

i 

90 

5,555 


V * Equipment of Engineering Laboratories,” by Sir A. B. W. Kenneds', 

nciM. V/. Jt., ioo7. ^ 
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In special cases, when loose weights or subdivided poises are used, the 
divisions on the steelyard scale may be very much finer. Thus, the 300-ton 
machine in the laboratories of the University of Birmingham reads op the 
vernier to 10 lbs. 

The accuracy of a testing or weighing machine is considerably influenced 
by the position of the centre of gravity of the steelyard and poise. If this is 
above the line connecting the two knife-edges, the steelyard is said to have 

“ top weight and is lively and unstable. 

^ If it is below the knife-edge fine, it has 

“ bottom weight,” and is slow and sluggish, 
is sufficiently accurate to test the 
knife-edges of a testing machine, but the os- 
cillation of the steelyard when the poise is at 
zero, reveals much to an experienced observer. 

The correctness of the indications is ob- 
viously entirely inij^aired unless the poise 
weight is correct. It is usual to check this by 
standard weights in a large weighing machine 
before it is put into use. It is impossible to 
cast these w eights correctly, and therefore. 



Fig. 16. — Wedge Grips and their action. 

they are generally provided wdth “ pockets,” into which molten lead is run to 
correct the weight. This must be done after filling and painting, as otherwise 
the weight of the additional coating will make the poise too heavy. The 
inspector’s stamp is usually put on the lead filling so that this cannot be 
altered purposely or accidentally without the fact being obvious. . 

Grips. — ^The most convenient method of gripping a tensile test juece 
ia by means of the wedge grips shown in Fig. 16. It will be seen from this 
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diagram that, as the pull on the specimen increases, the holding power of the 
grips becomes greater. The insides of the grip wedges are serrated, or file- 
cut, to increase the bite ” of the grips, and to prevent the specimen from 
sh’pping. Loose wedges are apt to be awkward and inconvenient, but the 


grips shown in Figs. 17 and 18 are 
worked by means of a handle and 
“ keep plate ” on inclined guides. 
These are so arranged (lower grip 
holder) that the upward movement 
.of tiie handle moves both grips 
simultaneously downward, and at 
the same^time causes them to open, 
allowing the specimen to be inserted. 
The subsequent downward move- 
ment of the handle causes the w edges 
to move upward, and grip the speci- 
men ready for testing. This saves 
a considerable amount of time and 
is very useful for rapid tests of 
light capacity such as w ire tests. 

The upj)er grip holder has twn 
handles so that a downw^ard pres- 
sure may be used both in inserting 
and extracting the specimen. This 
is convenient as the top holder is 
mounted on a universal joint, and 



Fig. 17. — ^Handle-controlled Wedge 
Grips. 



Fig. 18. — ^Handle -controlled Wedge 
Grips in position. 


■ SO is not rigid. The taper of the grip wedges used for holding test pieces, is a 
. inatter of some importance. If the angle of taper is very small, the range of 
imt pieces that can be ^pped by a single pair of wedges is small, and the 
w^ges are liable to stick in the holder at the end of the test, ma kin g 
' detachment of the broken test pieces a matter of some difficulty. 
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A useful taper for the sides of the wedges is 1 in 6, and this is often adopted 
in testing machine practice. 

It is also advisable to make the wedges as short as possible, so that short 
test pieces may be held conveniently. 

The grip holders have a considerable bursting stress to sustain, and in the 
case of large machines (10 tons and upwards), should be made of steel castings 
or forgings. For smaller machines cast or malleable iron may be used. 

Some steels are too hard to be held in this way, and specimens of this kind 
are made with shoulders at the ends as shown in Fig. 19. These shoulders 
pull on split collars (which are preferably made with spherical seats) which 
transmit the load to the grip holders. 

For light aluminium alloys of small section, where the elongation before 
breakage is small, wedge and shoulder grips do not ensure sufficiently exact 
axial loading to prevent bending and premature breaking of the specimen. 



Fig. 19. — Collar Grips for Tensile 
Specimens. 


Fig. 20. — Ball-seated Grips for 
Brittle Specimens. 



In such cases it is necessary to apply the load by means of ball joints, as shown 
. in Fig. 20. 

Screwed grips are also supplied for holding the ends of test pieces, but these 
are seldom used, except for very short specimens, as it is difficult to ensure that 
the pull is applied along the centre of the specimen. Spherical seatings assist 
this, but are not entirely to be relied upon. 

Pendulum Indicators. — ^These are among the most convenient auto- 
matic load indicators and are extensively used in Continental practice. 

The top grip holder is attached to a strip or chain that passes round a 
quadrant. This is pivoted on ball bearings, and is extended on the other side 
to form an arm on which the pendulum weight is fixed. A rubber tester working 
on this principle is shown in Fig. 21. As the load is applied, the quadrant is 
pulled down, giving a constant leverage, but the pendulum weight, rising on the 
other side, moves further and further away from the fulcrum as the load increases 
and so automatically balances the load, and indicates its magnitude on the 
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large quadrant scale at the end of the pendulum arm. The quadrant arm has 
a saw-toothed rack cut in its upper surface, and a stepped pawl engages in this, 
sliding freely over the teeth as the pendulum moves outward, but immediately 



Fig. 21. — Rubber Testing Machine with Pendulum Indicator, Capacity 200 lbs. 


resisting any return movement. This keeps the pendulum in position when 
the specimen breaks, and enables the breaking load to be read easily. 

The objections to the pendulum system are uncertainty and inaccuracy, 
-^e correctness of the readings is entirely dependent on the constancy of the 
;xJistance between the load and the fulcrum. The actual point of contact in 





TESTING & MEASUREMENT OF STRESSES 33 

the case of ball bearings is an uncertain factor, and varies from time to time, so 
that the calibration of the machine is a variable quantity. 

As the pendulum moves in a circular arc, the leverage increases at a much 
faster rate when near zero than it does at greater loads. This means that the 
scale is very open at low loads, and close at high loads, and makes the machine 
av’kward to graduate and mark. It also makes the readings at high loads 
less accurate than those at small loads. Pendulum indicators cannot be 
used for high-capacity machines on account of the large weight required and 
the difficulty of calibration. 

By placing the weight in a cbfferent position on the arm, or preferably by 
putting on a smaller or larger weight, the capacity of the machine may be 
varied. In this case a different scale for each capacity must be employed, as 
the practice used in lever machines of multij)lying the scale reading by a 
constant, is not readily applicable to quadrant indicators. 

Hydraulic Indicators. — ^The practice of using a calibrated pressure 
gauge connected to the straining cylinder, for reading the load on a specimen 
is open to many objections, chief among which is the fact that the gauge 
indicates only the force applied to the ram. Part of this is absorbed in over- 
coming the friction of the machine, piping, packings, etc., and it is not known 
what j^rojoortion of the load is actually absorbed in this way. It has not even 
the merit of being a constant quantity, as the friction will vary with the condi- 
tion of the ram and leather packings, and with the length of time that the 
machine has been lying unused. This system, therefore, can only be used 
for ap])roximate tests. The authors have used it for testing the budding 
pressures of pressed s];)rings and washers of special forms, where the limits 
of accuracy are fairly wide. The advantage in this case is increased speed 
of w orking. 

The load is apiolied by a screw^ to the Avasher wffiich is inserted in special 
dies, placed on the top of a hydraulic ram. The pressure exerted is trans- 
mitted by the ram to a cylinder of oil, and is indicated by a gauge graduated 
to read the total j^ressure on the ram. 

At the buckling point the w asher gives way and the indicator falls. Thus, 
the highest load indicated gives the budding pressure. 

Instead of a ram and cylinder, hydraulic diaphragms are often used in 
connection with pressure gauges as indicators. 

The chief disadvantages of these are the diaphragm joints, and the inaccuracy 
of the gauges. It is difficult to make a diaphragm joint free frcTm leakage, and 
if slight leakage does occur, the diaphragm wall coUapse in time. This trouble 
may b' yvercome, but the inaccuracy of the gauges it is impossible to remove. 
Ger judy gauges are too uncertain and prone to error for use on a testing 
'v ^nine pretending to any degree of accuracy, and for this purpose they are 
oest avoided. The authors have made repeated trials with new and tested 
gfmges, but in every case, it Avas found that, as compared with lever machines, 
they w ere very unreliable. The diaphragm machine made by Messrs. Emery 
for the Watertown Arsenal (500 tons) is immune from this difficulty, as the load 
is taken by a large diaphragm (see Fig. 22), and the pressure is transmitted to a 
smaller diaphragm from wffiich the load is transferred to a small lever weighing 
arrangement. This combines the convenience of the diaphragm with the 
accuracy of the lever. It is noteworthy that the lever weighing device is not 
fitted with knife-edges, but with thin strips of steel pressed hydrauhcally into 

n 
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position. These act quite well and perform the same functions as the knife- 
edges on other machines.* 

A similar Emery machine constructed for the Bureau of Standards at 
Washington, has a capacity of 600 tons, and the small diaphragm is ~ the 
area of the large one, so that the weighing arrangement is of 12 tons capacity 
only. This was calibrated by a special machine and is claimed to be correct 
to 1 Ib.f 

The Amsler machine indicates the pressure applied to the ram of the straining 
gear, by means of a pendulum -aetuated pressure gauge. Errors due to friction 
between the ram and the cylinder are avoided by allowing some of the oil 
pumped into the cylinder to escape in a constant stream j^ast the ram. The 
pressure of oil applied to the ram causes the pendulum to swing a\\uy from the 
vertical position. This movement automatically balances any fluctuations of 



the load, and is transmitted to the gauge pointer by a rack and j^inion move- 
ment. The pendulum rod can be suspended from different points to vary the 
sensitiveness of the machine. 

Compression and Bending 

Compression tests are seldom made in commercial engineering work, 
except in the case of special materials such as tubes, timber, or building materials 
which are dealt with elsen here. 

Compression tests on small specimens are made on similar machines to 
those already described in connection with tensile tests, except that special 
tools are added in place of the wedge grips, flat surfaces beii.g generally used in 
the compression platens. 

Long specimens, such as aeroplane struts, cannot be tested in most vertical 
machines, as the latter do not usually accommodate specimens of greater length 
than 30 inches. 

* Engineering, vol. xxxvi, p. 147. “ Report of U.S. Board of Testing,” vol. ii, 1881. 

t Unwin, “ Mechanical Properties of Materials,” Proc, Inst. Mech. E., November, 
1918. 
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Such specimens, therefore, must either be tested in a special compression 
testing machine, or in a horizontal machine. 

The great difficulty in testing long specimens is to obtain a truly axial load. 
If the line of thrust does not coincide with the axis of the test piece, the latter 
is liable to fail by bending. As a rule, the length of compression specimens 
should not exceed li diameters. 

The machines most conveniently arranged for compression and beijding 
tests are those of the multiple-screw type (preferably with two or four screws). 

It is important to make sure that the platens are truly parallel, so that one 
side of the test piece may not fail by local crushing. The stirrup hanging from 
the top knife-edge, and supporting the lower compression platen must be 
perfectly free, as any guiding introduces friction which upsets the weighing 
indications. 

Beyond the applications mentioned above, compression tests are only used 
in research work, and will not be dealt with fully at this stage. 

In many testing machine outfits, bending tools are incorporated w ith the 
compression tools, but outside a few' special applications, these are not greatly 
used. 

Cast-iron bars are tested in S23ecial bending machines Bar Testers ”) ; 
timber is tested Avith special bending tools, but beyond these tw^o items few- 
bending tests are made on Mechanical Engineering materials. 

The dogs upon wffiich the sj^ecimen rests should be readily adjustable to 
different centres and should have cylindrical seatings, so that they can readily 
adai^t themselves to the angle of inclination at the ends of the test piece Avhen 
deflected. 

The usual length of beam alloAved for, is 3 feet, but in some cases, special 
beams up to 5 or 6 feet long are made. 

Very large machines such as the 300-ton testing machine at the University 
of Birmingham are specially made to test built-up girders in bending, and 
columns in compression. 

This machine Avill accommodate girders of 20 feet span and 30 feet deep. 
The advantage of such large machines is that tests on models of constructional 
w^ork do not always correctly indicate the conditions in the full-scale Avork, and 
valuable information is given by tests made on the latter. 

The only objection to the use of such machines is the expense of preparing 
and handling the specimen and of making the test. In large AAork, howeA'er, 
this may be A'ery small Avhen compared Avith the total cost of the job. 

In testing steel bars of smaller diameter than f inch, a bend test is often 
specified, as the size of such bars is too small for the standard impact test piece 
to be cut from them. Such tests are usually made by bending the specimen 
round a bar of tAAUce its OAvn diameter. 

A steel of reasonably good quality should bend round such a bar until the 
sides of the specimen are parallel, AAdthout showing signs of cracking. The 
angle through Avhich the specimen Avill bend depends ui)on the ductility of the 
material. 

In some cases, bend tests are performed on carbon steels instead of impact 
tests, and in this case, the test pieces are 4 inch or | inch diameter. The 
authors consider an impact test to be preferable for bars | inch diameter and 
upwards. 

Further references to bend tests of this kind are made in Chapter XIX. 
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Torsion Tests 

Torsion, or twisting tests have never seriously been taken up by designers 
or engineers, although their advantage in eonnection with various classes of 
w ork, is obvious. 

Several kinds of machines have been designed for maldng torsion tests, but 



Fig. 23. — Torsion Testing Machine. Capacity 10,000 inch -lbs. 

aU work on similar principles to those used in the tension testing machines 
already described. 

A typical instance is the “ Aver\^ ” machine shown in Fig. 23. The torque 
is applied to one end of the test bar, by a worm w heel and wnrm which is driven 
by a hand wEeel on the front of the machine. 
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The worm wheel has ninety teeth and the hand wheel four spokes, so that 
as each spoke comes to the top of the wheel, the specimen is twisted through 
1 degree. The total amount of twist is indicated by a circular scale mo^mted 
on the worm wheel. This is graduated up to 360 degrees of twist, and is easily 
set to zero when required. 

The other end of the specimen is attached to an arm and pair of levers, 
the last of which is connected to the steelyard. 

The scale on the steelyard is graduated to read up to 10,000 inch-lbs. torque 
on the specimen, but by bringing into operation an alternative pair of knhe- 
edges, this may be reduced to 5,000 inch-lbs. 

The ends of the specimen are turned with a taper to fit in the grips. The 
insides of the grips have two keys w^hich fit into corresponding key ways in the 
ends of the specimen and take the shearing forces when the specimen is twisted. 



Fig. 24. — Wire Torsion Tester. Capacity 140 twists. Specimens up to 8 S.W.G. 

and 8 inches long. 


The straining end of the machine has a sliding shaft, which transmits the 
twisting moment from the worm w heel, but is free to move endw^ays to take u}^ 
the shortening of the specimen as the angle of tw^ist increases. 

The test is made by twisting one end of the specimen and balancing the 
tw isting moment by running the poise along the steelyard, until the latter is in 
equilibrium. 

By taking readings of torque and the corresponding angles of deflection, 
stress strain (or load extension) diagrams may be dra\vn as in the case of the 
tension test. 

Twisting tests are also made on small wires to indicate the number of times 
the wire may be twisted in a given length before breakage. The simple machine 
illustrated in Pig. 24 takes specimens 8 inches long, and indicates up to 140 
turns. 

This kind of machine is largely used by wire-rope makers. The number 
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of twists sustained is automatically indicated by the finger which moves along 
the scale in front of the machine. 

Fig. 25 shows a photograph of a shaft which broke by twisting and gives 
a typical torsion fracture. It will be seen that in this case, the fracture started 
from the end of a keyway, and also illustrates the gradual proiDagation of the 
crack after its inception. 

The torsional properties of materials have been very little investigated, and 
in ^dew of the frequent application of torsional stresses in designs, there is little 
doubt that a systematic study of these properties would be of great assistance 
to designers and engineers. 

Fatigue. — The term “ fatigue ” has been very loosely used to indicate 
the cause of failures in working parts after continued service, particularly when 



Fig. 25. — Shaft broken in Torsion, through end of key way. 


the fractured part has been subjected to reversing or fluctuating stresses. Many 
engineers imagine fatigue to be a sort of “ dry rot ’’ that sets in when the 
material becomes “ tired.’’ Much work, commencing with the classic researches 
of Wohler, has been done for the purpose of discovering the cause of, and 
remedy for, this peculiar trouble, butjthere is still a great deal of confusion on 
the subject, and the various authorities are by no means agreed. 

It has been definitel}^ established, however, that many such failures are not 
due to any intrinsic property of the material itself, but are caused by the 
condition of the surface, particularly when this is machined. 

In impact testing, the sharpness of the notch in the test piece, has a very 
marked effect upon the results obtained, and, for this reason, the standard 
notch has a bottom rounded to a definite radius. A machined surface, however, 
is full of small notches left by the tool. Some of these have infinitely sharp 
ends, and, although very minute, cause concentrations of stress, so that the 
local stress exceeds the elastic limit of the material, although the section would 
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api)ear to be ample for the load it has to sustain. The continued application 
and removal of this force, causes the crack to spread very gradually until it 
becomes perceptible to the naked eye, and ultimately fracture results. Similar 
failures are also caused by cracks forming at the roots of hair lines, and the latter 
are therefore a great source of danger in highly stressed parts, such as crank- 
shafts. Sharp corners and small radii lead to concentrations of stress, 
producing premature fracture, and are therefore dangerous. Even when 
the radius is of reasonable dimensions, there is a tendency in the machining 
to finish these off much less smoothly than the parallel part of the shaft, 
with consequent danger of cracking in heat treatment or in subsequent 
working. 

One of the most marked features of “ fatigue ” tests is the effect of scratches 
or machine marks on the surface of the test pieces. This is referred to by 
Dr. B. P. Haigh in a paper read before the Institute of Metals, September, 
1917.* He em 2 )hasises the advisability of finishing off with great smoothness 
the surface of highl}^ stressed parts Arhich are subjected to alternating stresses 
(e.g. crankshafts and connecting rods). 

Many kinds of machines have been designed and made for the purjDose of 
testing the “ fatigue ” proj^erties of materials, but none of these have been 
adopted to any extent in practical work, and most of them are of academic 
interest only. 

Fatigue testing machines may be divided into four classes : — Tension and 
com^Dression machines. Bending machines Avith rotary motion. Bending 
machines aa ith reci23rocating motion. lmi)act machines. 

Repeated Tension or Compression Machines. — A tyiDical example 
of a machine for testing materials in repeated tension is described in the paj)er 
by Dr. Haigh mentioned aboA C. The stress is applied by means of an electro- 
magnet Avhich is excited by alternating current, so that the load is A^ery raiDidly 
ap 2 )lied and removed (2,000 cycles jDer minute). The advantage of j. machine 
of this type is that the large number of applications of stress required to break 
a specimen may be made in a comjDaratively short time. This ty 2 )e of machine 
may also be used for applying stresses of other kinds {e.g, comjiression or 
bending). 

Bending Machines with Rotary Motion. — The best ImoAv n instance 
of this kind of machine is that used by Wohler. The load may be ajjj^lied to 
the end of the specimen by a spring or dead Aveight, the sj^ecimen being fixed 
at the other end in a rotating shaft. 

Bending Machines with Reciprocating Motion. — In the machine 
desi£ned by Captain Sankey, the sj)ecimen is bent backAvards and forA\ ards by 
hand until fracture takes place. One end of the siDecimen is attached to a 
sjAring, the deflection of Av^hich indicates the bending effort apjAlied to the 
specimen. The spring and specimen are bent by means of a hand leA^er through 
a definite angle (about 45 degrees on each side), and the deflection of the spring 
and number of bends sustained before fracture are automatically indicated on 
a diagram draAvn by the machine. The specimen is | inch diameter by 4 
inches long, and the free length for testing purposes is If inches. 

The Upton-LeAvis machine is similar in principle but is belt-driven through 
a clutch. The specimen is held in tAvo grips, the lower of Avhich is oscillated by 

* “ Experiments on the Fatigue of Brasses,” bv B. P. Haigh, Inst. Metals, September, 
1917. 
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means of an adjustable crank. The top grip is controlled by adjustable 
springs, which, by means of a recorder, indicate the load applied to the specimen. 
The speed can be varied in four steps from 100 to 500 revolutions per minute, 
and the specimen is | inch by | inch or 1 inch by |- inch section, and 6 inches 
long. The free length between the gri23S is inch to J inch. The authors 
prefer, however, to use round test pieces, as these are easier to prepare, and may 
be smoothly finished. Some difficulty is experienced in preventing such test 
pieces from sfipping in the grips, and sj^ecial means must be adopted to prevent 
this, otherwise the tests will be useless. 

Characteristic diagrams drawn by the Ui)ton-Lewis machine when testing 
different materials are shown m Fig. 26. The width of each diagram rejn’esents 



Fig. 20. — Upton-Lewis Fatigue Diagrams (end portions only are sho\vn). 


the intensity of the bending moment on the specimen, and its length indicates 
the number of reversals before fracture. The area of the diagram, therefore, 
gives some indication of the ability of the material to resist alternating stresses, 
but the results are purely comparative, as no standards have yet been estabhshed 
with this machine. Curves are shown for Gun Metal, Phosphor Bronze, 
Manganese Bronze, Duralumin, and Steel. Owing to the length of some of the 
diagrams it is impossible to reproduce them entirely, and therefore the ends 
only are shown in Fig. 26. The point marked B in each case indicates 
the breaking point of the material and it will be seen that brittle and ductile 
materials give characteristic forms of diagram. The diagrams are all drawn to 
the same scale so that their widths in each case are comparable. 
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Mr. H. C. Hall * states that he has used successfully test pieces J inch 
diameter with 1 inch between grips and a crank throw of If inches. With these 
constants, the same springs can be used for steel, brass, and other materials 
and diagrams are obtained up to 24 inches high and up to 12 inches long. 
Large test pieces are apt to give diagrams too wide for the paper and of unwieldv 
length in the case of tough steels. 

Tests made by Prof. G. Upton on 0*8 carbon steel at 530 cycles per minute 
showed that with four rest 


periods of 4 hour, short, 24 
hours, and 18 hours respec- 
tively, the life of the specimen 
was increased from 25,000 
c^^cles (non-stop run) to over 
50,000 cycles. 

The arrangement used by 
Professor Arnold has a test 
piece I inch diameter and 5 to 
6 inches long. One end of this 
is clamped in a vice and the 
other bent through a distance 
of I inch on each side of the 
vertical. Tlie distance between 
the fixed end and the point 
of application of the load is 
3 inches. The number of 
reversals is G50 per minute. 
This machine does not measure 
the bending effort on the sjoeci- 
men. but indicates only the 
number of reversals sustained 
before fracture. 

Repeated Impact 
Tests. — The best loiown types 
of repeated impact testing ma- 
chines are the “Eden-Foster ” 
and ‘ ‘ Stanton ' ' machines . For 
the sake of convenience, the 
latter is briefly described in 
Chapter V, but the former will 
be described here. 

The Eden-Foster repeated 


C 



Fig. 27. — ^Eden-Foster Repeated Impact Testing 
Machine. 


impact testing machine. Fig. 

27, consists of a hammer (of knowm mass) which is raised to a given height, 
and then allowed to drop directly on to the specimen which is supported 


horizontally beneath it. 

The machine is operated by the main shaft A, on which a large cam B is 
mounted. This cam, as it rotates, raises the hammer C which is held at the 
desired height by a catch E, until at the right moment a tripping arrange- 
ment F releases it. At the same time the cam also operates the rotating 


* Discussion on “ Mechanical Properties of Steel,’* Proc. Inst. Mech. Eng.,Ma.y, 1919. 
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arrangement by which the specimen G is engaged, the chain H being used for this 
purpose. Each time the hammer is lifted, the chain, acting against the weight 
J, causes a free wheel sprocket to rotate 180 degrees, thus turning the specimen 
by this amount, and as the cam allows the lifting arrangement to descend, the 
free wheel, coming into action, leaves the specimen in position ready for the 
hammer blow which follows almost immediately. Thus the specimen is 
stationary at the time the hammer drops. 

The specimen is sujDported in bearings (which almost amount to knife- 
edges), placed at a fixed distance apart, and these, together with the coupling 
for rotating, are so arranged that the specimen simply floats on these two 
edges, the hammer striking it in the centre. The rotating arrangement is 
connected to a revolution counter M, which thus registers both the revolutions 
and the number of hammer blows. The machine is also iirovided with a 
declutching lever, placed under the specimen and the whole mechanism stops 
as soon as the latter breaks, the weight of the hammer being sufficient to release 
this lever. The essential feature is, that the stress is applied suddenly, thus 
giving the shock ” effect, but as the sj^ecimen is rotated half a revolution 
between each two blows, a reversal of stress throughout the cross section of the 
specimen takes place. Further, the hammer, having no attachments, is allowed 
to drop freely, and as the whole mass is arranged symmetrically above the 
pomt of impact, the true energy can be calculated with accuracy. Also, the 
design is such that the rigidity of the su2)l3ort for the machine is of little imjDort- 
ance, good results being obtained on either a ]3oor foundation, or a good one, 
a fact which cannot be said for other machines of this class. 



CHAPTER IV 


STRAIN MEASURING APPARATUS 

Strains. — The measurement of strains produced during testing is as important 
as the measurement of the stress, but such measurements can be divided into 
tun classes which are widely different in magnitude, require different apparatus 
for their measurement, and are used in different classes of work. 

These are : — 

1. Plastic deformations. 

2. Elastic deformations. 

The latter are deformations that occur at stresses below the elastic limit, 
and being usually very small in magnitude require very delicate apparatus 
for their measurement, except in the ease of soft yielding materials such as 
rubber, where the elastic deformations are measurable with fair accuracy by 
ordinary measuring devices. 

As these measuring instruments (called “ extensometers ”) are very sensitive, 
their range is comparatively small, and they have to be removed when the 
yield point is reached, or very shortly afterwards. 

Such tests are very slow, and tedious, but they have the merit of great 
accuracy, and reveal many important facts in the behaviour of materials under 
stress. It must not be forgotten that the elastic range is the working range of 
the material, and its properties in that state are of great importance to engineers. 

The delicacy of the instruments used and the time occupied by a single 
test makes their use prohibitive in commercial practice. It is usual, therefore, 
in works tests, to i)ay particular attention to the plastic properties of the 
materials, and for this reason consideration will first be given to the methods 
of measuring, and indicating plastic deformations. 

Plastic Deformations. — At the conclusion of any tensile test, it wiU 
be found that the measured part of the test piece (indicated by two centre dots) 
has increased its length, and this increase can be measured fairly correctly 
by putting together the broken ends, and measuring with dividers the new 
distance between the centre dots. The increase in length, divided by the original 
length, and multiplied by one hundred, gives the percentage extension of length 
during the test. Also, the reduction of area at the broken end may be measured 
by a micrometer on the reduced section, subtracting the reduced area from the 
original area of the section, dividing by the original area and multiplying by 
one hundred. Thus : — 

Original Area of test piece = A 

Reduced Area after breakage = a , ^ 

A-a 

Percentage reduction of area == ^ - X 100 j for 
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If a standard diameter of test piece is used, such as 0 oG4 inch (0*25 square 
inch area) as is generally the case, tables of reduction of area corresponding 
to each reduced diameter may be draAvn up,* and will save a considerable 
amount of time when routine tests are being made. A series of experiments 
was made by Professor Dalby, P.R.S., with the object of analysing the elonga- 
tion produced b}^ the stressing of a test bar beyond its elastic limits. No less 
than six gauge j)oints were made on the bar, and the distance between each 
two points was measured at various stages of the test up to the breaking point. 

to the period at which 
the maximum load was ob- 
tained, the various sections 
stretched equally, but, after 
this point, the total exten- 
sion was the sum of two 
terms : — 

1. A general uniform ex- 
tension of the specimen as a 
whole. 

2. A much greater local 
extension in the neighbour- 
hood of the fracture. 

As most of the elonga- 
tion that takes place is very 
close to the point of fracture, 
the term ‘‘ percentage elon- 
gation ” has no meaning un- 
less the measured length is 
stated upon w hich the elon- 
gation is taken. Thus, bar 
material is usually tested on 
a gauge length of 2 inches, 
but for some purposes 8 or 
10 inches is taken, f 

For most classes of w ork, 
2 inches w^ill be found a very 
convenient length, as it in- 
volves a minimum waste of 
material, is hand}^ for pur- 
Fig. 28. — Stress-Strain Recording Api:>aratus. poses of observation, and 

does not stretch so much as 
a longer test bar, thus reducing the time occupied by each test. The cost of 
preparing and machining the test pieces is also less. 

The best method of observing the 2)lastic deformation of a test piece is by 
means of the Autographic Stress-Strain Diagram, or, as it should be called, the 
Autographic Load Extension Diagram. 

The arrangement of apparatus for drawing this diagram is shown in Figs. 28 
* See Table I. 

t With round specimens it is usual to vary the length and cross-sectional area in 
, length 

T. manner that = constant. 

Varea 
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and 29. Two clips are attached to the test piece at a fixed distance apart, 
corresponding to the length over which the elongation is to be taken. A 
cord or flexible wire is fastened to one of the chps, passed over a roller or prlley 
on the other clip and round the drum of the recorder. Any extension of the 
specimen therefore rotates the drum. A screw parallel to the axis of the drum, 
is rotated by gearing from the shaft which j)ropels the poise along the steelyard. 
Tin's rotation of the screw, moves a nut up or down according to the direction of 



Fig. 29. — Autographic Stress-Strain Recorder. 


rotation, so that the pencil mounted on the nut moves parallel to the axis of the 
drum, and the extent of its movement is proportional to the load on the specimen. 
As the test proceeds, the pencil first describes an approximately perpendicular 
line on the paper surrounding the drum (see Fig. 29), but at the Yield Point 
(“ elastic limit ”) the drum rotates slightly, causing a horizontal or jagged 
line on the curve. This is followed by a curve showing the extension of the 
specimen as the load increases, and this part of the curve gives a useful 
permanent record of the plastic behaviour of the material. Such curves for 
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materials are shown in Figs. 31 to 41. Different kinds of steel 
have characteristic recorder diagrams, and much information regarding 
the properties of the steel being tested can be obtained from the diagram. 

^^ith an ordinary testing machine it is difficult to get a true record, as the 
poise must be run back very rapidly to keep the steelyard always in balance 
at the yield point, and immediately before fracture. Electric controlling 
devices are not sufficiently sensitive for this purpose, but an ingenious arrange- 
ment for obtaining correct diagrams is embodied in the machine shown in Fig. 30. 

This can be used as an ordinary testing machine, but in addition to the usual 
apparatus, the long end of the steelyard is supported by a spiral spring. When 



Fig. 30. — Testing Machine fitted with Patent Autographic Recorder and Spring - 

controlled Steelyard. 

a diagram is required, the poise is run out to the end of the scale, thus stretching 
the spring to a definite extent. As the load is applied to the test piece, the 
spring is thus relieved of more and more of the weight so that it shortens, and 
allows the steelyard to rise in proportion to the load on the test piece. The 
end of the steelyard is attached to the pencil on the drum, so that the ordinates 
of the curve are drawn by the movement of the steelyard instead of by the 
movement of the poise. Thus the fluctuations of the load are faithfully and 
automatically followed, and a correct diagram can be obtained. 

The only objection to this arrangement is the fact that the diagram cannot 
be obtained when the test is made in the ordinary manner by moving the poise 
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to keep the steelyard floating. The diagram should not take the place of the 
ordinary test, but is a very valuable accessory to it. 

Diagrams can also be obtained by photographing the movements of a beam 
of light from a mirror or other arrangement suitably connected to the testing 
machin*', but this method, though perhaps the most accurate, is too delicate 
and complicated for use in most works. For research and laboratory work, 
however, it is quite useful. 

Typical Recorder Diagrams. — ^The forms of diagram obtained when 



Fig. 31. — Recorder Diagram (common Fig. 32. — Recorder Diagram (Yorkshire 

Iron). Iron). 

5TR£SS-ej(T£NSiON D/A6RAM OF 



Fig. 33. — Recorder Diagram Fig. 34. — Recorder Diagram (Stress-Extension 

(Swedish Iron). of Alloy Steels). 

testing specimens of material are so characteristic that not only the quality 
of material, but some of its previous history may be deduced from the curve. 

Typical load extension curves are given by Professor W. E. Dalby,* and 
some of these, with the results obtained are reproduced in Pigs. 31 to 41. 

* “ Researches made possible by the Autographic Load Extension Indicator,” 
by W. E. Dalby, F.R.S., Institute of Metals, May, 1917. 
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There is a great difference between the recorder diagrams taken on iron and 
steel, and on the non-ferrous metals and alloys. The former, as is shown in 
Figs. 31 to 34, have a distinct break in the curve at the yield point, and some 

1 COPPER 

SS?Totls1-3' 


47 Tons 



mm 


/ ‘ ///7 ^ 


Fig. 35. — Recorder Diagram (Coi^per). 

of the diagrams sho^v very decided “ oscillations ’’ at this point, but the non- 
ferrous metals give practically continuous curves. 

The load extension cnn e of copper, shown in Fig. 35, illustrates this point, 
but in the case of this metal the effects of amiealing, or heat treatment, and the 
purity of the metal have \ery little influence in the form of the diagram. 


BPAS3 ROD.ANNBALED.COOLEDJN WATER 


icL.0 4SJ^'actAS. I 


BRASS ROD.ANNEALED IN UME. 


\j)ia.0’4S] 



Fig. 36. — Recorder Diagram (Brass 
Rod annealed, cooled in water). 


Fig. 37. — Recorder Diagram (Brass 
Rod, annealed in lime). 


Brass, on the other hand, gives very decided indications of its past history. 
This is shown in Figs. 36 and 37, where the effects of coohng in water or amiealing 
in lime are indicated by the shape of the curves. 
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A characteristic of brass is the peculiar wavy form of the curves near the 
breaking point. This appears in each of the three diagrams in spite of the 
effects of annealing. 

Diagrams for phosphor bronze are generally similar to that shown on Fig. 39 




Fig. 38. — Recorder Diagram (Brass Fig. 39. — Recorder Diagram (Phosphor 

Rod). Bronze). 

and resemble those obtained on rolled brass. The curve shown in Fig. 40 is 
characteristic of gun metal, while Fig. 41 shows the diagram obtained on a 
light, strong aluminium alloy, the shape of which is peculiar to this material. 


GUNMETAL 


id 


■ 
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Fig. 40. — Recorder Diagram (Gnu 
Metal). 



Fig. 41. — Recorder Diagram (Aluminium 
Alloy). 


The curves shown for iron and steel in Figs. 31 to 34 are the most interesting, 
as on these metals the diagrams indicate more than any other. 

In Fig. 31 the common quality of the iron is shown by the small extension 

E 










50 


MATERIALS & DESIGN 


after the attainment of the maximum load, the Yorkshire and Swedish irons 
shown in Figs. 32'and 33 being superior in this respect. Curves taken from very 
brittle materials such as cast iron, need a very high magnification of the 
elongation, as the extent of the latter is very small. For this reason the top 
of the drum is sometimes made into a stepped pulley, so that several degrees 
of magnification may be obtained with the same recorder. 

The diagrams given by very mild steels (about 0*1 per cent, carbon) are very 
similar to these obtained from wrought iron, except that the yield point is much 
more marked in the case of steel. 

As the percentage of carbon increases, the yield point becomes less marked, 
and the elongation diminishes considerably. 

Alloy steels show no break in the curve at yield point, but the angle of the 
curve alters more or less abruptly as shown in Fig. 34, being similar in this 
respect to the non-ferrous metals. 

The curve for manganese steel showed that the metal yielded in a series of 
steps and broke off short w ithout local contraction. 

The nickel chrome steel shown in Fig. 34 had a breaking stress of 54 
per square inch, and at this stress it drew out and broke like mild steel. 
some alloy steels the elastic limit and breaking stress are very close 
another, and the curve rises in a straight Kne and then bends over, exhil|^g 
a form similar to the phosphor-bronze curve (Fig. 39). 

Elastic Deformations.— For some purposes, it is necessary to measure 



reach its 3 deld point. This is 

also necessaiy where it is desired ' ' 

to obtain the elastic limit accu- 43.— Ewing Extensometer. 

rately, as the drop of the steel- 
yard which takes place at, or about the yield point, is only an approximation 
to the correct value. 

A handy instrument for measuring small extensions with reasonable 
accuracy is shown in Fig. 42. This may be rapidly clipped to a specimen, 
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and will enable the yield point to be readily observed, but must be removed 
before plastic deformation takes place to any serious extent. 

A more comjdicated and expensive extensometer, giving consider ibly 
greater accuracy, is shovm in Fig. 43. This is Ewing’s Extensometer, and 
its acc uracy is about of an inch. As will be seen from the diagram, the 
readings of the scale (viewed through a microscope) are calibrated by the 
micrometer screw shown at the top of the apparatus, and readings accurate 
enough for most types of research w^ork, can be made with this extensometer. 

Many other types of extensometer are made, including optical and photo- 
graphic instruments, but as they are not of great importance for commercial 
testing, the reader is referred to standard works on the Testing of Materials, 
for fuller description of these.* 

Special mention may be made, however, of the instrument used by Professor 
Dalby, for indicating the load applied by the straining gear of a testing machine. 

In this case the test piece, instead of being connected to a lever indicator, 
is fastened to a standard bar in which the stress is always below the elastic 
limit. The extensions of this bar are therefore always proportional to the load, 
and with a suitable indicating device, photographic or otherwise, the load 
applied to the test piece msby be read off by observing the increase in length of 
the standard bar. 

Test Pieces. — These may be divided into two classes, viz. materials too 
hard to be held in friction grips, and those sufficiently soft to be so held. 

Hard materials must be tested by means of headed test pieces and collar 
grips as described in Chapter III. Heat-treated test pieces must pass through 
several stages before assuming the final form, and these stages of machining 
are shown in Fig. 44. The test piece, which in this case is a combined tensile 
and impact test piece, is first turned to the form shown at (a), when it is ready 
for carburising. After this has been done, the carbon is turned off so that the 
test piece will be machinable after quenching, and it then assumes the form 
indicated at (b). When the specimen has been heat treated, it is turned to its 
final form (c). In these specimens it is essential that good radii are provided 
at the shoulders, as otherwise, the test pieces are liable to break prematurely 
at such points. Also in the case of hard or brittle specimens it is necessary 
that all tool marks are removed from the parallel part of the specimen, as these 
are very liable to start cracks when the piece is being pulled, and so to weaken 
the test piece. To allow for the testing of small sections, it is advisable to have 
several standard diameters and, in view of the influence of the^ ratio of length 
to diameter upon the test results obtained, standard lengths of test correspond 
ing to each diameter must be fixed at the same time. 

The following standard sizes were adopted for Air Board Tests : — 


Diameter of bar. 

1 Diameter of specimen. 

Distance between centre 
j punch marks. 

Area. 

1" and upwards • 

> 0-564" 

2" 

0-25 sq. in.=I sq. in. 

w-n" 

0-424" 

li" 

0-141 sq. in. 


i 0-282" 

1" 

0 *0625 sq. in. sq. in. 

bV'-A" 

0-125" 

0-443" 

0*0122 sq. in. 


* See “ A Handbook of Testing Materials,” by C. A. Smith. “ Testing of Materials,” 
by W. C. Unwin, etc. 
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A series of experiments made by Professor Dalby on shouldered test pieces, 
proved that comparative figures could be obtained on geometrically similar 
specimens, but that short specimens not only showed considerably greater 
percentage elongation, but also higher tensile strength. 

In the experiments referred to, a steel giving 30 tons per square inch and 
16 per cent, elongation with a distance of 3 inches between the shoulders, 
showed a tensile strength of 40 tons per square inch, and an elongation of 
27 per cent., when the distance between shoulders was reduced to J inch. 



(c) F/ntshed Jest RecG For lenstfe^^lmpad, 

and Brinell Tssts. 

Fig. 44. — Stages of Machining for Tensile Test Pieces. * 


This measured length is much shorter than would be used in ordinary practice, 
but the same tendency holds good in a less degree for variations in length. 

Test pieces with plain cyhndiical ends for holding in wedge grips, are 
convenient for machining from plain bar material, and are also cheaper to make, 
as there is less material to machine off than in the case of headed specimens. 

In some instances it is only possible to obtain short specimens for testing 

* In Fig. 44 the flats for Brinell Test are shown in the first stage of machining ( a). 
As Brinell tests are useless on case-hardened surfaces it is preferable to grind these flats 
in the finished test pieces (c) deeply enough to penetrate below the case to the core. 
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^crewec/ lYlill’. 
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purposes, so that neither headed nor straight shank test pieces can be made. 
In this case threaded ends_ are generally used, as they can be screwed into 
adapters and allow a reasonable length between the grip holders for obser % ing 
the yield point during the progress of the test. 

A ,'Uitable form of scre^^ ed test piece is shown in Fig. 45. 

Test pieces for brittle materials such as cast iron must be very carefully 
made, as they are liable to 
break at the shoulder, or 
at the change of section. 

Thus the radii should be 
veiy large, and should 
blend well Avith the 
parallel part of the test 
pieces, special care being 
taken not to undercut at 
this point. 

Thin steels used in 
aeronautical Avork are 
usually machined to a 
A\'idth of IJ inches, and 

tested OA^er a gauge length of 4 inches, so that the oA^erall length of specimen 
is about 10 inches. 

Admiralty specifications for section steel used in ship construction, and also 
for ship plates and sheets, require the elongation to be taken on a measured 
length of 8 inches. 

The British Standard, Lloyds, and Bureau Veritas Specifications for Iron 
and Steel for ship-building purposes also specify a measured length of 8 inches 
on all test pieces. On steel castings and forgings for ship and engine work, 
the Bureau Veritas calls for a gauge length of 4 inches. 

UnAAdn * gives the folloAving table for plate test bars, basing the gauge 
length on Barba’s I^aAv, Avhich states that the percentage elongation on tAvo 

different test pieces of the same material wiU be identical if is the same. 

(Here I = gauge length, A = sectional area of test piece.) 



Fig. 45. — Screwed Test Piece. 


Gauge Length. ■ 

Width. 

Thickness. j 

Area. 

1 

vX 

Elongation 
per cent. 

8" 

24" 

i" 

0*625 

10*0 

! 

27*5 

8" 

21" 

% tf 

TA 

0*781 

9*1 

29*1 

8^ 

2" 

8 

0*750 

9*2 

29*2 

8" 

2" 

4" 1 

1*0 

8*0 

28*0 

8^ 

2" 

f" 

1*5 

6*5 

26*5 

8" i 

2" 

r 1 

1*75 1 

6*1 

26*1 

8" 

W 

ir ' 

1*875 

5*8 

25*8 

8^ 


ir 

2*25 

5*3 

25*3 


* The experimental study of the “ Mechanical Properties of Materials,’* by 
W. C. UnAvin, LL.D., F.K.S., Proc, Inst. Mech. E., October, 1918. 
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The Engineering Standards Committee also specify a gauge length of 
8", and maximum widths of IJ", 2", and 2^" for thicknesses over f" to 
and under f" respectively. For round specimens, the following diameters and 
gauge lengths are selected : — 


Diameter. 

Area. 

Gauge Length. 

0*564" 

i sq-" 

2" 

0*798" 

i sq." 

3" 

0*977" 

1 sq." 

3i" 


In French and other Continental specifications the elongation is usually 
expressed as a percentage on a measured length of 100 millimetres. 


Note. — Recent recommendations of the Commission Permanente de Standardisation 
(French Standards Committee) in connection with Tensile, Impact, and Hardness tests, 
and specimens are discussed in a paper by Prof. Guillet, “ Testing Materials for Ship- 
building,” read before the Institution of Naval Architects, July 6, i922. 



CHAPTER V 


IMPACT TESTING 

Origin and Development. — Tn the early years of engineering develop- 
ment. when the tensile test was practically the only indication of the 
physical properties of materials, many failures occurred .for which there was 
no obvious reason, and the need for some other kind of test became apparent. 

The property of Toughness,” which is vitally necessary in machines and 
structures that are subject to vibration or shock (and these form the great 
majority of engineering designs), is not indicated Avith any certainty by the 
results of the tensile test. It is true that this property is shown, to some extent, 
by the percentage elongation and reduction of area of the tensile test piece, 
but these can by no means be relied upon to do so. 

A popular and rough form of workshop test which was often made, and 
is still used to a large extent for some classes of work, is to cut a nick or notch 
in the material to be tested, and break the piece across with a hammer. The 
readiness with which the two halves of the material separate, and the character 
of the fractured surface, give very useful indications of the toughness of the 
material, and its ability to withstand shock or vibration. 

This crude form of Impact ” or shock test is noAV used for esbiiiiating the 
properties of materials where no great stresses have to be borne, or where it 
is difficult or impossible to cut test pieces from the article under observation. 

It suffers, howeA^er, from the disadA^antage that the results cannot be 
expressed in figures or definite quantities, and cannot be embodied in specifica- 
tions for material, in other than vague terms. It is also dependent, for its 
success, on the experience of the observer, and so is liable to differences of 
opinion on the part of different inspectors. 

The Impact Testing Machine has remoA^ed this difficulty^ by providing a 
definite standard, allowing the shock resistance of materials to be expressed 
in terms which admit of no dispute. 

The development of Impact testing in this country is largely bound up with 
that of aeronautical engineering, and therefore practically dates from the 
beginning of the War. It is true that the design and manufacture of impact 
testing machines originated many years ago, and the use of drop tests for steel 
tyres, etc., is also old, but the systematic testing of materials in this way for 
general mechanical engineering purposes, and the embodiment of impact 
tests in material specifications is comparatively recent. 

The Impact Test. — ^The method of performing the test is to subject a 
specimen of the material under examination to a sharp blow, or series of 
blows, the impact value being expressed in terms of the energy absorbed in 
breaking the test piece, or the number of blows required to fracture the specimen. 
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The impact test may therefore be referred to as a “ dynamic ” test, to 
distinguish it from the static tests hitherto described. 

In most of the single-blow impact testmg machines, the specimen is notched 
for the purpose of testing, standard forms of notch being adopted for different 
types of machine. 

The object of the notch is to increase the sensitiveness of the test, as it was 
found in the early experiments that the difference between tough and brittle 
materials v as much more marked in the case of notched specimens than when 
these w ere left plain. 

The form, size, and depth of the notch has a decided influence on the results 
obtained, so that in machining impact specimens it is very necessary to use 
gauges to w hich aU test pieces should be prepared. 

The test pieces used on different kinds of machine are of different shapes 
and sizes, and as tests made on different areas are not comparable, it is necessary 
to adhere to one standard form of test piece for each type of machine.* 

Impact tests are of many Idnds, as shocks can be aj^plied to a specimen in 
different ways, but for the sake of convenience the “ Impact-Bending ’’ test, 
w hich is the type most generally in use, will be called the “ Impact ’’ test, the 
others being described as the “ Impact Tensile ” test, etc. ^ ; 

Impact testing machines may be di\dded into the following classes : — . 

1. Single-blow’ Machines. ^ 

(a) Pendulum weight with “cantilever ” specimen (“ Izod ” machine). 

(b) Pendulum weight with beam specimen (“ Charpy machine). 

(c) Drop weight (“ Amsler ’’ machine). 

(d) Rotating weight (“ Guiller^" ” machine). 

2. Multiple-blow^ Machines. 

(a) Pendulum weight (“ Stanton ” machine). 

(b) Drop weight (various machines). 

Izod Impact Testing Machine. — ^This is the form of impact test most 
frequently used and specified in this country, and is included in most of the 
Goa eminent specifications. It is applied by means of a swinging pendulum 
hammer, which applies a blow" of definite and known energy to the test piece 
w hich is held at the low est point of its path. The kinetic energy of the hammer 
is usually sufficient to break the specimen, and to allow- the pendulum to 
traverse the lowest point of its swing and to rise to some distance on the other 
side. The energy remaining in the pendulum can be measured by the length 
of its swing after breaking the test piece. The energy lost in breaking the test 
piece is thus the energy originally imparted to the pendulum minus the residual 
energy after breaking the test piece (see Fig. 46). 

If W= Weight of pendulum hammer, 

H= Height of fall, 

h— Height to which pendulum hammer rises after breaking test piece, 

then — 

Energy required to break specimen = W(H— A) 

This energy can be expressed in terms of the angle of swing, and is generally 
measured by a loose pointer, which is moved over a graduated scale by the 
pendulum, and, being left behind on the return swing, indicates the farthest 
point reached by the pendulum after brealdng the specimen. 

♦ A British Standard Specification has now been issued detailing the form and sizes 
of small specimens in cases where the standard 10 millimetre specimen cannot be used. 
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The weight of pendulum in standard Izod machines is 60 lbs., and the height 
of fall 2 feet, so that the capacity is 120 ft. -lbs. 

As some steels absorb more energy than this in breaking, machines liave 
been constructed for steel makers with a capacity of 150 ft. -lbs. In this case 
the height of fall is 2*5 feet. 

The pendulum is mounted on ball bearings to reduce friction to a minimum, 
and the suspension is made very light, and rigid, to concentrate the striking 
w^eight as far as possible in the ‘‘ tup ” or “ bob.” The tup is fitted with a 
hardened tool steel knife-edge, which strikes the specimen at a point 22 mm. 



Fig. 46. — Izod Impact Test. Total energy available = WH ft. -lbs. ; Energy 
, absorbed = W(H— ft. -lbs. 

above the surface of the gripping dies. The knife-edge is slightly rounded to 
avoid chipping and damage. 

In Fig. 47 the pendulum is shown in position for starting the test, and is 
released for its downward swing by a hand lever on the projecting arm of the 
machine. 

The method of holding the specimen is shown in Fig. 48, 

The cast-iron anvU has a gap in the top, and into this, two tool-steel dies are 
fitted. The left-hand die has a recess which positions the specimen, and the 
right is puUed up to grip the specimen by means of a screw-operated wedge. 
The screw is worked by the round nut at the bottoni, into the recess of which a 
tommy bar is inserted. As the thread has a large angle, one movement of the 
tommy bar will grip or release the specimen. 

The standard specimen is square, being 10 mm. by 10 mm,, with a notch 
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2 mm. deep. This notch has an included angle of 45 degrees, and is rounded 
at the bottom with a radius of 0*25 mm. (25 S.W.G. wire). 

This can be machined by means of a shaping tool ground to gauge, but a 
milling cutter is better. 

As square specimens are slow and costly to make, an alternative practice 
is to use round specimens. These are turned to a diameter of 0*45 inch and have 



Fig. 47. — Izod Impact Testing Machine. Capacity 120 ft. -lbs. 


a notch milled or turned to standard dimensions. Milled notches are 0*13 inch 
deep, have an angle of 45 degrees, and a radius of 0*01 inch at the bottom of 
the notch * 

This may be checked with a wire of 25 S.W.G. 

* The notches in round specimens do not encircle the specimens, but are turned or 
milled on one side only. For full details see “Engineering Standards Specification” 
(Engineering Standards Committee, 28, Victoria Street, London, S.W. 1) 
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Turned notches have a 
maximum depth of 0*12 
inch and are of the same 
form as the milled notches. 

Formed turning tools, 
which retain their shape 
when reground, are used 
for machining these 
notches. Four pieces are 
machined at a time on a 
special “jig.” 

Test pieces with three 
notches, PI inches apart, 
are often employed. In 
this case the notches are 
cut at right angles to one 
another, so that the impact 
strength of the material is read in three directions. Thus, the mean shock 

strength of the material is 
obtained. 

A smaller size of Izod 
machine (23 ft.-lbs. capacity) 
was formerly made, but is of 
little value for testing steel, as 
the section of the specimen is 
very small (| inch by inch). 
It may become useful, however, 
for testing the impact values of 
light alloys, using the standard 
size of specimen (0*45 inch 
diameter) for this purpose. 

The more open graduations 
of the small machine give the 
latter a considerable advantage 
over the 120 ft.-lbs. machine, 
in the case of materials having 
small impact strengths. 

Charpy Impact Testing 
Machine. — The principle 
upon which this machine 
works, viz. the pendulum 
hammer, is similar to that of 
the Izod machine, but the 
details of the test are very 
different. The pendulum has 
a considerably greater angle of 
swing and is quite different in 
form from that of the Izod 
Fig. 49.— Charpy Impact Testing Machine. machine. A large Charpy 
Capacity 250 kg. metres. machine of 250 kg. metres 




Fig. 48. — Method of holding Test Piece in Izod 
Impact Testing Machine. 
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capacity is shown in Kgf 49, and a smaller size (25 kg. metres) in Eig. 50. The 
hammer of the large machine is raised to the striking position by means of a 



Fig. 50. — Charpy Impact Testing Machine. Capacity 25[kg. metres. 

motor, and that of the small machine by the handle shown in Fig. 50. The 
hammer swings on ball bearings, and the angle of swing after the specimen is 



Fig. 51. — Method of holding Charpy Impact Test Piece 

broken, is indicated by a loose finger as in the case of the Izod machine. The 
form of the specimen, however, is the principal difference between these two 
kinds of impact test. The Charpy test piece is placed in the horizontal 
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position, supported at both ends, as shown in Fig. 51, and the hammer strikes it 
in the centre, on the opposite side from the notch. To enable it to pass between 
the supports, the hammer is made very narrow, and the knife-edge is placf\l in 
the vertical plane as shown in Figs. 50 and 51, and coincides with the centre of 
percussion of the hammer, so that there is a minimum of vibration when the 
test piece is struck. A hand-operated brake brings the hammer quicldy to rest 
on the return swing. As the pendulum is mounted in ball bearings, there is 
very little loss due to friction, whereas this is a somewhat serious point in 
connection with some falling weight machines. 

Tables are issued giving the energy absorbed m friction by the swing of 
the pendulum, and also by the broken test pieces for each angle of swing after 
fracture. These are shown in the form of a curve in Fig. 52. 

The form of notch used with the Charpy machmes, is that recommended 



Fig. 52. — Charpy Impact Tester. Energy lost in Friction. 

Weight of pendulum = 72 *865 kg. 

Height of fall =3 '052 metres. 


by the Congress of the International Association of Testing, and is often called 
the ‘‘ Copenhagen ” notch. It consists of a drilled hole connected by a saw- 
cut to the outside surface of the specimen. This hole should be drilled in a 
jig to make sure that it is always at a fixed distance from the edge. The most 
usual sizes of test pieces are as follows : — 

160 X 30 x 30 mm. Notch 15 mm. deep. Radius of notch 2 mm. 

60 x10 x10 mm. Notch 5 „ „ 2 „ 

Distance between points of supports are 120 and 40 mm. respectively. 

Broken Charpy test pieces are shown in Fig. 53. 

The knife-edge at the striking point has a radius of 2 mm. and is machined 
to an angle of 30 degrees. 
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Fig. 53. — Broken Charpy Impact Test Pieces. 


The following sizes are made : — 


1 

Capacity. 

Weight. * 

Fall. 

Kg. metres. 

Kg. 

Metres. 

250-0 

85-0 

2-94 

200 0 

66-7 ; 

3*0 

73-0 

33-0 ■ 

2-28 

25-0 

20-0 ’ 

1-25 

100 

8-2 ! 

1-22 


Drop Weight Machines. — ^The drop test is performed by a fixed falling 
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weight or “ tup,” which is dropped from a given height upon the centre of a test 
piece, supported in a suitable manner at each end. This type of machine is 
similar to a pile driver, with the exception that the “ monkey,” instead of falling 
on a pile, hits the test piece and breaks it. 

The eailj experiments of Fremont were made on a machine of this kind, 
having a tup weighing 10 or 15 kg., with a knife-edge, falling through a distance 
of 4 metres. The energy remaining in the hammer after impact was measured 
by the compression of a spring or springs. This is not very accurate, and the 
“ Amsler ” machine has a device which indicates graphically the velocity of 
the tup before, and after fracture, so that the work done in breaking the test 
piece can easily be deduced. 

Another machine of this type was described * by Messrs. Blount, Kirkaldy, 
and Sankey , for testing specimens in impact-tension, but it could be used equally 
well for any other form of impact test. The energy in the tup at the moment 
of striking the test piece, was calculated from the height of fall. The velocity 
immediately after breaking the specimen, was calculated by observing the time 
interval between the breaking of tw'o contacts, one placed immediately below 
the test piece, and the second 10 feet low er dow n. 

The energy absorbed in breaking the specimen is 



where H = Height of fall before striking specimen. 

h — Height of fall betw^een anvil contact and second contact. 

W = Weight of tup. 

t ~ Time interval betw een first and second contacts. 

The record of these times w as taken by a pen which made a continuous 
line on a moving paper band. When the contacts were opened, the pen was 
deflected, and the distance betw een the two deflections gave the time of 
faU. A second recording pen, vibrating at about 40 per second, marked a 
wavy line on the paper, and provided a time scale to which the diagram 
w as read. 

A speed of 5 inches a second was found to be a suitable speed for the paper 
in this instance. 

Rotating Weight Machines. — ^These are seldom used ki this country, 
but the best known and most convenient machine of this type is the Guillery 
Impact Testing Machine. 

This machine is illustrated in Fig. 54. 

The striking edge has an angle of 45 degrees, and is carried on a flywheel 
rotating at about 302 revs, per minute. At this speed, the energy contained in 
the larger size is 275 metre-kilogrammes (2000 ft.-lbs.) and in the smaller size 
60 metre-kilogrammes (440 ft.-lbs.). 

By pressing a stud, the knife is forced into the “ out ” or striking position 
for breaking the test piece. The absorption of energy for this purpose, causes 
the speed to fall, and the reduction is immediately shown on the tachometer 
tube in energy units. 

* “ Comparison of the Tensile, Impact Tensile and Repeated Bending Methods pf 
Testing Steel,” Proc. Inst. Mech. E., 1910. 
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A centrifugal pump driven by bevel gearing from the spindle of the machine, 
forces coloured liquid into this tube, and the height to which the liquid rises 
is an indication of the speed of the machine. 

An adjustable float in the centrifugal pump enables the operator to set the 
reading to the full capacity of the machine when at rest, so that a zero reading 
will be obtained at full speed. 

A hand-operated brake is provided for stopping the flywheel when the 

tests are completed, and an 
automatic de\ice is fitted to 
prevent the wheel being 
turned in the w rong direction. 
A safety arrangement is also 
provided to prevent the door 
enclosing the test piece being 
Oldened w hfle the fl^^wheel is 
rotating with the feaife in 
the “ out positioa, ■ 

The type of test piece is 
the same as that used in the 
Charpy machine, but the 
scale does not take into 
account the energy absorbed 
by the projected fragments 
of the test piece after frac- 
ture. 

Stanton Impact 
Tester. — ^This is a multiple- 
blow' ma clime in which the 

1 hammer falls rej)eatedly on 

to the centre of the speci- 
men. 

The latter has a groove 
turned in the middle and is 
rotated hafl a revolution 
after each blow% so that the 
hammer strikes it on each 
side alternately, until frac- 
ture takes place. The general 

^ ^ ^ arrangement of the machine 

Fig. 54.— Guillery Impact Testmg Machine. jg 55. 

A roller mounted on a 

movable support serves as fulcrum for the hammer, and may be moved back- 
wards or forwards along the hammer shaft, to increase or decrease the lift of 
the hammer (see Fig. 56). 

The groove cut in the specimen is 0*05 inch deep, and the test piece is about 
6 inches long and | inch diameter. It is supported on knife-edges inches 
apart. The fall of the hammer can be adjusted to a maximum of inches, 

and the speed is 70-100 revs, per minute. The resistance of the specimen is 

measured by the number of blows sustained from a given height before fracture. 
The macliine stops automatically when the specimen breaks, so that the number 
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of blows sustained can be read on the counter. The power absorbed by the 
machine is small, being only about H.P. 

Falling Weight Machines. — ^These are similar to the Drop-weight 



Fig. 55. — Stanton Impact Testing Machine. 


machine already described, except that the specimen is too large to break at 
one blow and is therefore fractured by a succession of blows. This test has 



Fig. 56. — Hammer and Lifting Gear of Stanton Impact Testing Machine. 

been in use for railway material for many years, and is included by the Engi- 
neering Standards Committee in their Standard Specifications for material 
used in the construction of Railway Rolling Stock. 

It is particularly used for important steel forgings such as axles and tyres. 
For testing axles the weight of the hammer is large, being about I ton, and the 
height of fall up to 35 feet. The distance between the points of support of 
the axles varies from 3 to 5 feet for axles of 4 to 6 inches diameter. The axles 
have to stand five blows at a height of fall specified for each diameter, and are 
turned through an angle of 180 degrees after the first and third blows. 

Locomotive, Carriage and Wagon Tyres are also tested with a weight of 

F 
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I ton, the tyre being placed with the tread resting on a bloclc of metal not less 
than 5 tons weight, supported on a rigid concrete or other solid foundation. 
The weight falls freely on the tread from heights of 10, 15, 20 feet and upwards, 
until the deflection of the Jbyre reaches a fixed amount. 

This deflection under shock must be sustained without fracture of the tyre.* 

Some Practical Considerations 

There has been considerable opposition in many quarters to the increased 
use of Impact Test Clauses in Steel Specifications, but in spite of this, the impact 
test is becoming more and more popular in engineering and metallurgical work. 

One of the chief reasons for this, is the fact that the impact test is a valuable 
guide to the correctness of Heat Treatment. A good impact figure almost 
invariably indicates that the heat treatment has been properly carried out, 
and cases of bad material giving a good impact value are practically unknown. 
Poor impact tests are nearly always accompanied by a crystalline fracture, 
while fibrous materials give good impact results. 

This does not mean, how^ever, that the impact test is the sole criterion in 
judging the quality of any material. It must always be considered in connec- 
tion w ith, and in addition to, the yield point and tensile strength of the material. 

It has been urged that the position of the notch relative to the crystals of 
which the material is composed, makes the results of impact tests" erratic. 
While this may be so in the case of castings or other material in which the 
crystals are large, forged or rolled material has a structure that is small, relative 
to the size of the notch, and in this class of w’ork, the 2 )osition of the notch is 
immaterial. 

Tlie energy absorbed in the impact test is expended in tw^o ways : — 

1. To start and extend the crack. 

2. To deform the material adjacent to the notch and crack. 

The practice of using notched test pieces is condemned by some engineers, 
as being remote from practice, but as all tool marks are potential notches, and 
convenient starting points for cracks, the conditions in the impact test piece 
are reasonably close to those existing in practice. 

Some authorities express the opinion that the sharpness of the notch, and 
the tightness wfith w’^hich the specimen is gripped in the Izod test considerably 
affect the results obtained. With the latter the authors are not in agreement, 
and as the standard form of test piece has a fixed radius at the bottom of the 
notch, the first point is of no practical importance. 

The tightness of gripping the test piece is probably not important provided 
the grip is sufficient to prevent any spring of the component parts in the anvil. 

It is advisable, therefore, to design the latter so that a fairly uniform 
pressure can be apphed for successive tests, even when different men are 
working the machine. To avoid these difficulties and also to make the anvil 
as solid as possible (and so to avoid spring) the arrangement shown in Fig 
48 w as designed, and has proved successful. 

Some impact machines have been designed with swuigiag anvils, so that 
the energy absorbed by the latter when the specimen breaks, is indicted by 
the movement of the anvil. This, the authors consider, is inconsistent with the 

* ^ee also the Eden -Foster machine described in Chapter HI 



IMPACT TESTING 


67 

principle of the impact test, as it allows a longer period during which the knife- 
edge of the pendulum is in contact with the specimen, than when the speoimen 
is rigidly held. It thus partakes more of the nature of an accelerated loading 
than of a shock, and so is not so true a test of the impact properties of the 
material. Further, with very tough material, the period of contact will be 
considerably longer than with brittle material, so that this difference is by no 
means a constant quantity. As the addition of fresh variables still further 
complicates the conditions, the authors think it advisable to make the holding 
appliances as rigid as possible, and to bolt the machine itself down to a good 
foundation. 

Cases have been observed where impact testing machines have been placed 
on the floor without any holding-down bolts, and have moved considerably 
every time a test was made. This obviously detracts from the accuracy of 
the test and should be avoided. 

The frame of the machme should also be as stiff as possible, to avoid loss 
of energy in \dbration. 

The position of the test piece itself relative to the direction of rolling or 
forging is also a very important matter. It is evident that the impact strength 
of a test piece cut across the fibres will be very much less than one cut along 
the fibres. This point is discussed in greater detail in Chapter X. 

Large forgings (i.e. forgings of heavy section) are not hkely to be uniiorm 
throughout the section when heat treated, and therefore such forgings should 
not be passed or condemned on the results of a single impact test. The position 
of the test piece in this case also is a matter of importance. 

It is also found that some kinds of steel are susceptible to cold, and that 
impact or bending tests made at low temperatures on such steels are apt to 
give much lower results than when the tests are made at the ordinary atmo- 
spheric temperature. 

This may be important in the case of aeroplane or airship steels, where the 
structure has to ascend to high altitudes and is therefore subjected to low 
temperatures. 

It must be understood clearly that isolated impact tests, used alone, may 
be misleading, but that by using them as a supplement to the data obtained by 
other method of testing, they give very valuable information. While there is 
no uniform relation existing between static tensile tests and notched bar 
impact tests, the combination of these two methods suppKes most of the 
information necessary for deciding the suitability or otherwise of a material 
for any engineering work. \Miere possible, however, it is desirable to take 
two or three impact tests from the same bar, to eliminate any accidental 
sources of error that may creep in through neglect or inadvertence. 

Limits of Accuracy. — One of the most serious accusations levelled 
against the impact test is, that it cannot be relied upon to give consistent 
results, and that differences of 100, 200, or 300 per cent, in successive tests 
are common. This statement has been effectually met by MM. Charpy 
and Comu-Thenard in a paper read before the Iron and Steel Institute in 
1917.* 

If irregularities occur in the impact test readings on successive notches of 
the same bar, the discrepancies can only be due either to the unreliability of 

* “New Experiments on Shock Tests and on the Determination of Resilience,” by G, 
Charpy and A. Cornu -Then ard, Proc. Iron and Steel Institute, Sept. 1917. 
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the test itself, or to irregularities in the material tested. As the latter is usually 
steel, the subsequent remarks will be limited to that material. 

It must be understood that the shook test on notched bars is very sensitive 
— ^much more so than any static test — so that an accuracy of 5 per cent, is 
quite reasonable. If a series of tests can be made on the same steel, in which 
the divergence of results, up or down, does not exceed 5 per cent., it is evident 
that any abnormal discrepancies must be due to the steel iiseK, or to the 
preparation of the specimen. 

In the preliminary experiments, it was found that unnotched bars, when 
deformed to a well-defined bend without fracture, gave practically identical 
results when tested in the impact machine, the average divergence of readings 
on each side of the mean value being less than 1*5 per cent. 

The notched bar test pieces were carefully prepared from the centre of a 
large ingot, the section used for their preparation being of the volume of 
the ingot. 

BrineU tests and analyses were taken, and a micro examination made of 
the whole surface of the section to detect any local irregularities which might 
vitiate the results obtained. 

The test pieces were then cut from this section, annealed, machined, and 
heat treated. After finishing and notching, the impact values showed an 
average divergence of about 40 per cent. The lateral faces of the other test 
pieces treated under the same conditions were then planed away to the extent 
of 1, 2, and 3 mm. with the result that the irregularities w^ere reduced to 21, 13, 
and 8 per cent, respectively. It therefore follows that to get consistent results 
on heat-treated work, it is necessary to remove at least 3 mm. froipi the outside 
surfaces before testing. In all the above tests, the difference shown by the 
BrineU tests was not more than 2 per cent, in any series, so that this is no 
guide. 

It was also found that the effects of rolling temperatures could not be 
removed completely by heat treatment. Pieces of the same ingot were roUed 
at 1200° and 800° respectively, normahsed at 900° C., heat treated, machined 
and notched. The divergence on bars roUed at 800° C. was 20*5 per cent., 
as compared with 5*2 per cent, for bars roUed at 1200° C. In these experiments, 
the BrineU tests showed a difference of less than 2 per cent., and micro examina- 
tion could not detect any difference between the structure of the cold roUed 
metal and that of the hot roUed metal. 

From these results, the desirability is apparent of having as large a crop 
as possible from the ends of roUed bars, to eliminate the effects of abnormal 
cooling. 

In the experiments upon the different forms of impact test, these sources 
of error were eliminated, and variation in heat treatment was avoided by treat- 
ing each series together in a single quenching frame. 

In the subsequent experiments, the variation in results w as not more than 
3*6 per cent, for steel and 4*6 per cent, for copper. Some of the experiments 
were made on nickel and nickel-chrome steels, the latter being taken from a 
smaU ingot of 2*5 tons weight. This shows that consistent results can be 
obtained by the impact test over aU ranges, even when the weight of the 
original ingot is comparatively smaU. 

The various curves shown in Chapters X., XI., XII. and XIII., showing 
the relation between heat treatment, temperatures, and impact values for 
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different steels are examples of consistent results which the authors obtained 
on a standard Izod machine under works testing conditions. 


Influence of Variables in Impact Testing Machine 

Velocity. — ^The effect of varying the height of fall, and consequently 
the velocity of the pendulum, on a standard machine was also investigated by 
MM. Charpy and Comu-Thenard. The size of test pieces used was 30 by 
30 by 160 mm., and the height of fall was varied from 6‘45 to 2*2 metres. The 
velocity of the pendulum immediately after striking the specimen varied in 
the ratio of 12 to 1 after various tests, but in the case of steel and copper, it 
was found that this did not seriously affect the results obtained. The duration 
of test varied from 0*0015 to 0*0062 sec.* 

Size of Machine. — In a further series of tests, the effects of testing 
similar specimens m different sizes of machine was investigated. The machines 
used were of 307 and 30 kg. metres capacity, and had pendulums weighing 
96*25 and 22*31 kg. respectively. The specimens were 15 by 15 by 80 mm. 
and the supports in each case were 60 mm. apart. The difference in the results 
obtained on the two machines was only 3*9 per cent, on the highest figure 
recorded. 

Thus, within the limits of accuracy of the test, the effects of height of fall, 
weight of pendulum, and size of machme are negligible in the case of the Charpy 
impact test. 

Type of Notch. — ^The preceding tests were all carried out on notches of 
the “ Copenhagen ” type. The same experimenters also made a series of tests 
with different notches as follows : — 

A. Copenhagen notch. Residual section 10 X5 = 0*5 sq. cm. 

B. „ „ „ „ 10x7=0*7 „ 

C. Angular notch. „ „ 10x7=0*.7 „ 

D. Blunt saw-cut. „ „ 10x9=0*9 „ 

Comparing A, B, and D, the resistance per square centimetre doubles in 
high impact steels, when the depth of notch is reduced from 0*5 to 0*1 cm. 
The angular notch gives results equal to a deeper round notch. 

The steels tested in this way were carbon, nickel, and nickel-chrome steels, 
and the divergence in all cases did not exceed 4*2 per cent. 

These experiments established the important practical facts that the depth 
and size of notch are very important, and that there is no connection between 
the results obtained in different sectional areas of test piece. 

In other words, the expressions foot-lbs. 'per square inch ” or kg, metres 
per square cm.^^ have no meaning unless the size of test piece and shape of notch 
are definitely stated. 

A series of experiments was also made ‘by Mr. J. J. Thomas at the Water- 
town Arsenal on a Charpy machine, to determine the effect of altering the shape 
of the notch. A round-bottomed notch 1*3 mm. wide and 5 mm. deep was 

* Mr. J. C. W. Humfrey, iii discussion on “ Mechanical Properties of Steel ” (Inst. Mech- 
Eng., May, 1919), considers the likelihood of slow bending tests with autographic diagrams 
giving results similar to those obtained by impact tests. This has also been stated by other 
observers, but the weight of evidence in its favour is not yet sufficient to justify any definite 
statement on the subject. 
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used, and the sides were cut away to various angles up to 90 degrees. The 
result indicated that if the sides of the notch were cut away to any angle up 
to 30 degrees, the results were unaffected, but above this point the resistance 
to shock and the angle of bend before fracture were greatly increased. 

Dimensions of Test Bar. — ^Itwas found that as the dimensions of the 
test bars increased (in steel or copper), the impact strength per square 
centimetre also increased, and that the law of similitude did not apply in the 
case of shock tests on notched bars. 

All these results were repeated at the Conservatoire des Arts et Metiers, 
with substantial agreement in each case. 

Comparison of Different Types of Impact Test. — ^A series of tests 
was made by MM. Charpy and &mu-Thenard, to ascertain whether any 


STRIKING PIECE. SPECIMEN. CLAMPING PIECE. 



Fig. 57. — Impact -Tensile Test for Flat Strips. 


comparison could be drawn between the results obtained on the Charpy, Drop 
Test, and Guillery machines. 

The tests on the Charpy and Vertical Drop Test machines were made on 
specimens 30 by 30 by 160 mm. and the results obtained differed by 7‘1 per cent, 
in the two cases. The type of machine used for making the drop tests was the 
Amsler machine already referred to. 

The comparative tests on the Charpy and Guillery machines, were compli- 
cated by the fact that the principles, shape and dimensions in the two cases 
were entirely different. Tests were made on the 30 and 300 kg.-metre Charpy 
machines and 60 and 276 kg.-metre Guillery machines with the following 
results : — 


Charpy 

Guillery 

Charpy 

Guillery 


30 kg.-metre. 
60 

300 kg.-metre. 
275 


Results 1901-1 8-24. 
„ 18-9 -18*0 


Results 19-64-18-21. 
,, 2r78-19*78 


Variation 1*3 per cent. 

Variation 2*4 per cent. 
» 3*5 „ 
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It will be seen that the results obtained on the two types of machine are 
substantially in agreement, and that they are both very regular in degree of 
accuracy. 

The Impact-Tensile Test. — ^This test has not been used to any great 
extent in commercial practice, but with the increasing use of small highly 
stressed parts, it is likely to become useful in cases where the ordinary impact- 
bending test cannot be made. 

Fig. 57 shows an arrangement of the Izod machine for testing steel or 
aluminium sheet in this way. The specimen is clipped to the anvil at the right- 
hand side, and has a striking piece 
firmly bolted to its left-hand ex- 
tremity. The pendulum knife- 
edge comes into contact with the 
striking piece, and the energy of 
the blow is sufficient to stretch 
and break the test piece. 

Fig, 58 shows the arrangement 
used on the Charpy machine for 
testing bar material in impact- 
tension. In this case the test 
piece is screwed to the pendulum 
and travels with it until the cross- 
piece screwed on the end of the 
test piece meets the stops mounted 
on the frame of the machine. The 
front end of the test piece is pulled 
onwards by the pendulum with 
such force that the test piece 
breaks, the energy absorbed being 
measured by the swing of the 
pendulum in the usual way. 

One objection to this method 
of making the test is the fact that 
the moving weight before fracture 
includes the weight of the speci- 
men and cross piece, and after 
fracture the cross piece and half 
the test piece are left behind. 

Thus the swinging weight is not constant during the test and varies with each 
class of material tested. 

Note, — T he attention of interested readers is directed to a series of papers read 
before the Inst. C.E., 1920 : — 

“Effect of Overstrain on Impact Figure of Steel.” — Jones & Greaves, 

“Notes on Single Blow Impact Test on Notched Bars,” — Greaves & Moore. 

“ Shock Tests and their Standardisation.” — Hadfield & Main. 

“Characteristics of Notched Bar Impact Tests.” — Stanton & Batson, 



CHAPTER VI 


THE MEASUREMENT OF HARDNESS 

Hardness. — Before the various methods in practical use for measuring 
hardness can be discussed, it is necessary to define the meaning of this im- 
portant property. Many attempts have been made to do this, but although 
every engineer has a very definite idea of what is meant when he uses the 
word “ hardness,” the exact meaning of the term is still in dispute. This is 
due to the fact that different engineers approach the subject from different 
points of view. In general terms, the property of hardness indicates the 
ability of a material to resist the continued action of a force for a long time, 
but as the nature of the forces and their direction of apphcation vary consider- 
ably, different properties of the material are brought into play. It is probable, 
therefore, that hardness is not a simple property, but the combination of 
different properties in varying degrees, to produce certain weU-known and 
recognised results. 

The most usually accepted and best known definition of hardness, is 
“ resistance to deformation,” or “ resistance to permanent deformation.” 
This implies the existence of a deforming agent, which must itself have a 
standard or measurable hardness, to enable comparisons to be made. . 

The above definition corresponds to the yield point of the material, but 
not necessarily the tensile yield point. As the definition of hardness is fre- 
quently limited to ‘‘ resistance to penetration,” the latter principle is usually 
employed in measuring hardness. During a penetration test, the particles 
of the material tested are pressed closer together directly below the penetrating 
medium, so that the resistance of the material is assisted by a certain amount 
of “ backing ” that is not present in the tensile test. 

Therefore, although the results of hardness tests are often proportional to 
the tensile yield point, this is not always the case, and the ratio of the hardness 
value to the tensile yield stress varies in different materials. 

In ductile materials, the yield point is often roughly proportional to the 
breaking stress, and in brittle materials the yield and the breaking stress are 
practically identical, so that the ratio of the hardness value to the breaking 
stress, will be subject to a further variation with the ductility of the material 
that is being tested. 

The engineer’s definition of hardness, however, is frequently only indicative 
of “resistance to wear, or abrasion.” This introduces a further variable. 
When a pure penetration test is employed, the material under the penetrating 
body becomes “ work hardened,” and so the resistance becomes greater as the 
depth of penetration increases. The effect of abrasion is to remove continually 
particles of material* from the surface, so that the abrading body is constantly 
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working on a fresh surface, and this increased resistance with depth of penetra- 
tion does not exist to anything like the same extent. It is true that the rubbing 
and polishing of the surface creates a ‘‘ skin hardness ” that helps the wearing 
properties considerably, but the two properties thus measured are funda- 
mentally different, and considerably complicate the conception and definition 
of hardness. 

Professor Turner,* under the heading “ Resistance to Wear,” divides 
materials into two categories : — 

1. Hard materials, in which the particles on the surface are not readily 
displaced, 

2. Plastic materials, in which the particles on the surface are not readily 
removed. 

For a good wearing metal, both of these properties are necessary. A 
purely hard material will disintegrate readily, although it offers a high re- 
sistance to pressure, and a purely plastic material will flow readily and provide 
a good running surface, but has not sufficient resisting powder to support a 
normal force for any length of time. 

The good wearing properties of Manganese Steel are due to a useful com- 
bination of these two properties, the steel itself being naturally resistant to 
pressure, and the particles displaced from its surface do not come away as a 
powder, but are plastically spread over its surface, and thus are capable of 
being repeatedly ffisplaced before finally disappearing. 

These two conceptions of hardness are those which interest engineers most, 
and the remainder of this chapter will therefore be devoted to the different 
methods in use for measuring these properties, and to the discussion of their 
relative usefulness and values. 

Penetration Tests. — ^The methods of measuring hardness by penetration 
may be divided into two classes : — 

1. Static tests, or slow penetration. 

2. Dynamic tests, or rapid penetration. 

When considering the influence of the time element in hardness testing, it 
must be remembered that all solids can be made to flow to a greater or less 
extent under pressure. 

A hard body penetrates a soft body by causing the material of the latter 
to flow from beneath the former, so that when the penetrating body is with- 
drawn, an impression is left in the softer material. The depth of this impres- 
sion is dependent upon the amount of flow that has taken place, and this in 
its turn varies with the intensity of the pressure between the two surfaces. 

But the existence of flow necessarily involves the property of “ viscosity.” 
A freely flowing liquid such as water, takes much less time to change its form 
than does a thick or “ viscous ” liquid such as treacle. The same condition 
occurs in the case of solid bodies, and therefore the time allowed for flow to 
take place is an important factor in penetration tests. 

Where plenty of time is allowed, as in the case of the Brinell test, the 
impression assumes its final form, but with a dynamic test, such as the sclero- 
scope or impact hardness tests, the time of contact is so siAall that flow is not 
complete at the conclusion of the test. 

The most important forms of static penetration test in general use are the 
Brinell or ball test and the Ludwik or cone test. 

* “ Hardness and Hardening,” Institute of Metals, September, 1917. 
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Many kinds dynamic tests have been devised, but the best known are 
the Shore scleroscope and the Impact Hardness machine, one form of which 
was recently described by Professor Edwards.* The latter has not been used 
to any extent in engineering practice, but is included on account of the amount 

of research which has been 
done ^vith it, and because 
of the light thrown by that 
research upon the relation 
between dynamic and static 
test results. 

Brinell Hardness 
Test. — This was the first 
form of hardness test to 
meet with any practical suc- 
cess, and its success was due 
to the fact that the Brinell 
test first enabled figures to 
be given, w^hich expressed 
with reasonable accuracy 
the comparative hardness of 
different materials. 

The Brinell test is per- 
formed by pressing a hard- 
ened steel ball into the 
surface of the material 
under test, and measuimg 
the diameter of the impres- 
sion produced. 

For this purpose it is 
convenient to fix a standard 
size of baU, and a standard 
pressure betw^een the sur- 
faces. The ball mostly 
employed is 10 mm. in 
diameter, and is the kind 
generally used in ball bear- 
ings, and the standard pres- 
sure adopted for iron and 
steel is 3,000 kg. In some 
cases the use of this pressure 
would distort the articles 
tested, so that occasionally 
pressures of 2,000, 1,600, or 
1,000 kg. are used. For soft 
materials such as brass, or other alloys, 500 kg. is the customary pressure. 

To ensure the dbmpleteness of the test, the pressure is kept on in the case 
of hard materials for 15 seconds and in the case of soft materials for 30 seconds. 

The machine is illustrated in Fig. 59. The specimen is placed on the smali 
jdaten, and is brought into contact with the ball by means of the screw and 
* Proc, Inst. Mech. E., May, 1918. 



Fig. 59. — Brinell Hardness Testing Machine. 




THE MEASUREMENT 0F[HARDNESS 75 

handwheel shown. The pressure is then apphed by pumping oil into the 
cylinder at the top of the machine and thus forcing the plunger downwards. 
The ball is fixed in a screwed holder at the bottom of the plunger, and is pres? cd 
into the surface of the specimen. 

A pressure gauge connected to the cylinder, indicates the load on the ball, 
but this is not sufficiently accurate to be used as a sole guide. A second 
plunger is held down by the cross-bar and weights shown, and when the 
pressure reaches the predetermined amount (say 3,000 kg.), the resistance of 
the weights is overcome, and the plunger rises. This, therefore, acts as a 
safety valve, and prevents overloading and consequent incorrect results. 

If the pumping is too rapidly performed, however, the inertia of the plunger 
and weights may cause the pressure to rise momentarily above 3,000 kg., and 
so give a slightly larger impression. Care should be taken, therefore, not to 
raise the pressure with too great rapidity. 

When the load has remained on the specimen for the specified time, the 
knurled nut at the top of the cylinder is rotated. This opens a release valve, 
which relieves the pressure in the cylinder, and allows a spring to pull the main 
plunger back to its starting position. 

The platen upon which the specimen rests, has a spherical seat which 
enables a true test to be taken when the upper and lower surfaces of the 
specimen are not quite parallel. 

The diameter of the impression made in the specimen is then measured by 
a microscope, with a scale graduated in millimetres, and the corresponding 
hardness number can be read off on a table provided with thof^machine. This 
microscope gives readings correct to millimetre, and its accuracy is quite 
sufficient for all practical purposes. A table of hardness numbers for the 
Brinell test is given in Table II. 

The Application of the Brinell Test. — ^Although the Brinell test 
is a very simple one to apply, it presents several pitfalls for the unwary. 

The standard times (15 seconds and 30 seconds), during which the load 
should be maintained on the specimen, are of serious importance when many 
tests have to be made, and a reduction of these periods is absolutely necessary 
in many cases, to enable a reasonable amount of work to be done in the day. 
The authors have made numerous experiments on several different classes of 
steel, hardened and unhardened, and have found that for periods ranging 
from 3 seconds to 60 seconds, there is no appreciable difference in the diameters 
of the various impressions. These measurements were taken with the ordinary 
microscope supphed with the machine, and so are quite accurate enough for 
all practical purposes. 

A series of tests made at the Hadfield Research Laboratory showed practi- 
cally no difference between the results obtained with a load apphed and released 
quickly, and one sustained for 60 seconds.* 

Mr. R. G. C. Batson,! at the National Physical I^aboratory, made a similar 
series of experiments on MQd Steel with the following results : — 

Time, seconds . . . . 2 3 5 15 „ 60 

Impression, mm 5*45 5'48 5*49 5*50 5*50 

Both these series of measurements were made with a microscope of much 

* Discussion on “ Hardness Tests,” Proc, Inst, Mech. E., October, 1918, p. 511. 
f Ihid, November, 1918, p. 570. 
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greater accuracy than those usually employed, and it therefore follows that a 
period of 5 to 10 seconds is ample for work on steel. 

A much greater source of inaccuracy is the speed of pumping up the pres- 
sure. If this be taken up very rapidly, the inertia of the plunger and weights 
causes a momentary rise in pressure above 3,000 kg. and consequently a larger 
impression. 

Mr. G. Stanfield * has shown that the error due to careless pumping can be, 
and often is, very much in excess of anything due to an insufficient period of 
sustaining ike load. 

Another possible source of inaccuracy is the flattening of the ball itself. 
This is particularly serious in the case of hardened steel, where the hardness 
of the specimen approaches that of the ball. The distortion of the ball makes 
the Bfinell test difficult to apply to materials whose hardness exceeds 600 Brinell, 
and above this hardness it is advisable to test by some other means. 

Sir R. Hadfield f found that the permanent distortion of the balls varied 
from 0 to 0*0025 inch, but came to the conclusion that it was impossible to 
use the deformation of the balls as a measure of the hardness of the specimens, 
as the compression of the different balls varied more than the hardness of the 
test pieces. 

The extension of the material round the edge of the Brinell impression also 
introduces a variable which may be important in the case of soft materials, 
as it creates a false edge of larger diameter than the true indentation. This 
may be avoided to a certain extent in accurate work, by measuring the depth 
of the impression, but this is also liable to error, as the radius of the impression 
is different to that of the ball, and varies in different materials. 

Batson J gives a series of results obtained on three steels, showing the 
difference between the radii of the baU and the impression for dynamic and 
static tests. The results were as follows : — 


Steel. 

Nature of Test. 

Radius of BaU. 

Radius of Impression. 

Nickel Chrome 

Dynamic 

5*0 mm. 

6 *5 mm. 


Static 

50 „ 

6-27 „ 

Manganese 

Dynamic 

60 „ 

5*57 „ 

>» 

Static 

50 „ 

5*69 „ 

Carbon (Rail) 

Dynamic 

50 „ 

5*15 „ 

»» 

Static 

50 „ 

5*37 „ 


In practical tests, Brinell impressions should not be taken upon case- 
harden^ surfaces, particularly of gears or other parts that have to resist 
shock or vibration. Impressions ta&n in this way are invariably surrounded 
by a crack, and this forms the starting point for other cracks which spread 
over the surface and ultimately cause the case to flake off. Also such readings 
are not reliable owing to the crushing effect of the load on the soft core 
underneath. 

Brinell tests are often taken to indicate the condition of the core in case- 

* Discussion on Hardness Tests,” Proc, Inst. Mech, E., October, 1918, p. 642. 
t Ibid., October, 1918, p. 686. % Ibid,, November, 1918, p. 675. 
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hardened parts, and for this purpose it is necessary to grind the away 
from a small patch in order to obtain a true reading. Care should be takai4o 
get well below the case, as otherwise incorrect rea^gs will be obtained. 

Even when this precaution is taken, however, the results obtained are not 
always reliable. 

A shaft IJ inches diameter, made of Mild Case Hardening Steel, was 
treated m this way, and it was found that though the Brinell impression at the 
surface was 3*5 mm. diameter, the shaft when turned down to |-mch diameter 
brinelled 4*4 mm. 

Another shaft brinelUng 3*7 mm. on the outside diameter, had a Brinell 
impression of 4*6 mm. when turned down to J inch diameter. 

This shows that on mild case-hardening steel the impressions taken near 
the surface are not always to be relied upon and are apt to cause work to be 
rejected unnecessarily. 

A similar test made on an oil-hardening steel (Nickel Chrome) showed a 
difference of 0*1 mm. only between the outside and inside of a 2-uich bar. The 
presence of nickel or chromium in steel makes the carbon change very sluggish, 
so that comparatively heavy sections can be hardened right through. 

The surface of the specimen that is to be tested by the Brinell method must 
always be as smootK as possible. The presence of tool marks, makes it almost 
impossible to read correctly the diameter of the impressions, and it is therefore 
necessary for these to be removed by filing or grindiug. It is then advisable 
to finally smooth the surface with fine emery cloth. 

The surface should also be as flat as possible. Any curvature causes the 
impressions to be elliptical, instead of round. Where this is inevitable, the 
mean of the maximum and minimum diameters may be taken for the purpose 
of obtaining the hardness number, but this is only an approximation, and 
should be avoided wherever possible. 

Effect of Departure from Standard Test Conditions.— A special 
machine is made for applying the Brinell test under very heavy pressures, 
and is capable of applying loads up to 50,000 kg. In this case a ball 
19 mm. (I inch) diameter is used. 

For soft metals, thin sheets, saw blades, etc., a small machine is made to 
apply loads up to 100 kgs. with a 2*5 nun. ball. 

These departures from the standard size of ball (10 mm.), and standard 
pressure (3,000 kg.), make it necessary to calculate the Brinell hardness number 
instead of referring to a table for it. The method of obtaining the hardness 
number is as follows : — 

P = Load on si)ecimen in kilogrammes. 

A = Area of spherical surface of indentation. 

r = Radius of ball. 

a = Radius of indentation. 

H = Brinell hardness number. 

Then H=? 

A 

ftnd A=2ir>'(r — — o®) 

P 

2irr(r—y/r^—a^) 


Therefore 


H 
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While this formula gives results that are generally sufficiently accurate 
for practical use, it must be pointed out that the Brinell hardness number 
varies with (a) the size of the ball used, and (b) the applied load. 

These points are fuUy discussed in a paper by Mr. R. G. C. Batson,* and 
the following conclusions were arrived at : — 

1. The true hardness number for any size of ball can be calculated from 
Moore’s formula if tw o different impressions are made. As follows : — 


16PD"“^ 

Moore’s hardness number = -77 yr— 

TT{2dY 


where n is a constant varying between 2 and 2*5 for different materials. 
If P = First load in kg., 

d — Indentation obtained under load P, 

Pj == Second load, 

= Second indentation. 


Then, 


n 


logP l— logP 
log d-i— log d 


To obtain the Brinell hardness number from Moore’s hardness number, divide 
the latter by P0718. 


Then, BrineU hardness number = ^ 

1*U7 lo 


16PD”-2 

^ 7r(2rf)" 


2. When the applied load is varied, the first part of the load-depth diagram 
is curved, so that the larger loads give higher hardness numbers than do impres- 
sions taken at low loads. Thus, to obtain correct indications under small 
loads, care must be taken that the load applied is situated on the straight j)art 
of the curve for that material. 

It has been pointed out that the best and most accurate way of applying 
the Brinell test, is to measure the pressure required to produce a standard 
diameter of impression, but this is difficult to do with the present apparatus. 
The indications now in use are probably sufficiently accurate for all practical 
engineering purposes. 

Ludwik Hardness Test. — ^The difficulties arising from the fact that 
the indentations in the standard Brinell test are geometrically dissimilar, may 
be avoided by adopting the Ludwik test. The same machine is used, but in 
this case a right-angled cone is substituted for the steel ball. The radius and 
depth of indentation are therefore equal, and a special plunger and mercury 
scale are attached to measure the indentation without a microscope and with- 
out removing the specimen from the machine. 

Ludwik’s hardness number is obtamed by dividing the load by the conical 
area of mdentation. 

Thus, Hardness number = L, 

Load = P, 

Radius or depth of indentation = a. 


Then 


L 


P 

7ra\/2 


♦ “ The Value of the Indentation Method in the Determination of Hardness,” Proc. 
Inst. Mech. E., October 1918. 
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The relation between the Brinell and Ludwik tests has been fully discussed 
by Professor Unwin * in his Thomas Hawkesley Lecture (1918) and" to this the 
reader is referred for further information. 

The Ludv^dk test, although probably the most rational of all static indenta- 
tion tesbs, has never been adopted to any great extent in this coxmtry, and as 
the Brinell test became very widely adopted during the Avar, it is not hkely to 
be displaced by the Ludwik test in the near future. 

Sclcroscope ’’ Test. — ^This is the best known and most widely used 
of alj dynamic penetration tests. A small steel hammer, Aveighing oz. 
is allowed to fall freely from a 
height of 10 inches on to the 
smooth surface of the article to 
be tested. The hammer ha^ a 
diamond striking point, the face 
of which is curved to a definite 
radius (see Fig. 60). 

When the hammer falls on to 
a soft surface, it penetrates that 
surface to some extent before 
rebounding, and so produces a 
minute impression. In so doing, 
part of the energy of fall is ab- 
sorbed, and the energy available 
for rebound is comparatively 
small. 

If the hammer is dropped on 
a hard surface, the size of the 
impression is much smaller, so Fig. 60. — Magnified view of Hammer Point, 
that less energy is absorbed in 

making it. The rebound of the hammer in this case is therefore much higher 
than before, and the height of the rebound is taken as a measure of the 
hardness of the material. 

The instrument itself is shoAvn in Fig. 61. 

The hammer falls in a glass tube, the inside diameter of the tube being 
0*002 to 0*003 inch larger than the maximum diameter of the hammer. This 
allows the hammer to fall freely Avithout friction. The hammer is draAvn up 
to the top of the tube by the suction from a rubber bulb connected to the 
instrument, and is held at the top of its travel, by two small steel hooks. 
When the bulb is again pressed, the hooks are caused to contract by means of 
a piston and cam mechanism, and the hammer falls freely on to the surface of 
the specimen, which is held in a clamp at the foot of the instrument. 

The height of rebound after striking is noted, and the hammer draAvn up 
again by pressing the bulb. 

The scale is graduated into 140 diAdsions, a rebound of 100 being equivalent 
to the hardness of martensitic high carbon steel. Under these conditions, the 
area of contact between the hammer and the specimen is only about square 
inch, and the pressure exerted is about 220 tons per square inch. 

It will be seen from these figures, that, notwithstanding the lightness of 

* “ The Experimental Study of the Mechanical Properties of Materials,” by 
W. Cawthorne Unwin, LL.D., F.R.S., PrQC, Inst. Mech, E., October, 1918. 
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the hammer and the smallness of the apparatus, the forces exerted in all cases 
are sufficient to overcome the resistance of the hardest materials used in 
engineering practice. The impressions produced are so minute that they do 

not seriously impair a running surface, 
and consequently, the scleroscope is 
very useful for testing finished surfaces. 

Standard steel blocks giving readings 
of 100 and 40 degrees respectively, are 
provided with the instrument for check- 
ing its readings from time to time. 

A magnifier hammer is also provided 
for use on soft materials. This has a 
larger poiqt area than the universal 
hammer, and therefore gives higher 
readings, thus magnifying small but 
significant variations of hardness. 

Charts are provided for resolving 
readings of the magnifier hammer into 
the standard degrees of the universal 
hammer. 

Scleroscope Maintenance and 
Use. 

The following are a few of the 
troubles that may be experienced with 
the scleroscope. In most cases the 
remedies are obvious. 

Low Readings.— Dirt in bore of 
tube or on outside of hammer. Air 
cushion under hammer due to clogged 
vent holes. Glass tube too small or too 
large. Diamond split or loose. Instru- 
ment not vertical. Specimen not hori- 
zontal or level. Chip or dirt stuck to 
face of diamond. 

Fig. 61.-Shore Scleroscope. High Readings.— Wear on dia- 

mond point. 

Hammer does not Fall when Bulb is pressed.— Catch hooks too 
far apart, or too close together. Edges of hooks out of centre. Hooks not 
operating properly. Plunger in pneumatic cylinder not moving full stroke. 

Hammer does not Catch on Hooks when sucked up. — ^Hookstoo 
far apart or too close together. Spring tension not flexible enough. Suction 
too weak. 

Hammer does not Rise to top of Tube.— Split or leaky bulb, tube, 
or air connections. Wet, or oil-soaked bulb. 

Readings Erratic. — Bore of glass tube too large. Diamond loose. 

Of the above, dirt or oil in the glass tube is the most prevalent trouble, and 
it is advisable to check the instrument frequently when in daily use, and to 
pass a’piece of clean cotton-wool through the tube when the readings become low. 
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The results obtained by means of the scleroscope can be very misleading, 
unless proper precautions are taken, and the following points should be 
observed : — 

(а) All tests must be made in different spots, and must be at least ^ inch 
apart, more if possible. 

(б) All test pieces should be mounted on a solid foundation wherever 
possible. 

(c) A bench vice must always be used when the instrument is mounted on 
the swing arm. 

(d) Small pieces should be moimted in a jig when a large number of similar 
articles are to be tested. 

(e) Castings and other articles having large crystals or patchy surfaces, 
must be tested by ta^ng a number of readings. 

( / ) The illumination on the hammer should always be inclined downward 
as the readings are taken at the top of the hammer. 

{g) Rounded surfaces must be mounted truly below the centre of the 
hammer, otherwise it will strike a glancing blow and give low readings. 

{h) The surface to be tested must be very smooth. Any tool or rough 
file marks cause the readings to be low. Dry grinding should be avoided as it 
tends to draw the temper. 

(Jk) When balls are being tested, they must not be supported in a conical 
depression, but must have a support directly under the centre of the balls. 

The makers claim that a mass of 1 lb. is necessary in the specimen and 
support to resist the shock of the hammer. They give the following figures 
for smaller masses : — 


Mass of specimen. 

ilb. 

ilb. 

1 oz. 


Reduction in height of rebound. 
^ to 2 per cent. 

2 „ 4 „ 

20 „ 40 „ 


Methods of clamping must be used to counteract the lack of inertia in the 
object tested — surface plate support is useless. ^ 

The scleroscope is a very useful instrument for testing the hardness of 
ground case-hardened surfaces (it is necessary for the case to be at least inch 
thick), but for this purpose it is advisable to take many tests over the 
surface, as a good deal of variation often exists in such instances. The 
good quality of the scleroscope is also its main defect — the area tested is 
so small that it does not give anything Kke an average value of the hardness of 
a surface, and the results obtained with it may be erroneous unless taken with 
care and discrimination. Standard scleroscope readings for various purposes 
are shown in Table III. 

Relation between Penetration and Tensile Tests. — ^It has already 
been stated (p. 72) that there is an approximate relationship between the 
hardness of materials as obtained by the penetration test, and the tensile 
strength of the material. 

This being so, the BrineU and scleroscope tests form convenient methods 
of estimating the tensile strength of machined or other parts, where it is im- 
possible to cut out a test piece, or to ascertam the properties of the material 
in any other way. 

Tables and formulae for calculating the tensile strength of steel from the 
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Brinell or scleroscope readings are often given in books and pamphlets, and 
are blindly accepted by engineers who have not the necessary time or facilities 
for investigating their correctness for themselves. 

In the first place, it must be emphasised that the ratio between the Brinell 
number and the breaking strength of steel is not a constant quantity. 

Attempts are often made * to express this ratio in the form of formulaB 
connecting together the Brinell, scleroscope, and tensile strength values for 
different classes of steel. 

The following is one of them : — 

Low Chrome Nickel Steel : 

Tensile strength= 0*304 B— 9*8, 
where B= Brinell number. 

On worlmg out this formula with known test results, the actual tensile strength 
was often found to be 10 tons per square inch lower than that calculated from 
the equation. 

Thus, formulae of this kind should be used with extreme caution, particularly 
in the case of alloy steels. 

The figures given for carbon steels are usually fairly reliable, but they 
cannot be apphed to alloy steels, nor do they invariably give correct results. 

The authors have foimd that the following factors may be apphed with 
reasonable accuracy to steels : — 

T= tensile strength — ^tons per square inch. 

B = Brinell number. 

For Carbon Steels T=0*24 B to 0*25 B. 

For Nickel Chrome Steels T= 0*22 B to 0*23 B. 

Also, it should be remarked that there is no safe relation between the Brinell 
readings and tensile strengths of steel at the higher ranges (90 to 120 tons). 
Some steels with a Brinell impression of 2*9 mm. give a tensile strength of 
100 tons, while others, very shghtly different in composition give 110 to 115 
tons for the same size of impression. 

The reason for this is the tendency of the Brinell ball to flatten when a 
pressure of 3,000 kg. is apphed to a specimen of about 500 BiineU hardness. 
A series of experiments made by A, F. Shore j showed that with material of 
over 500 BrineU hardness, the use of a new baU for each test gave hardnesses 
from 100 to 150 lower than when the same bah was used twice. With very 
hard materials, it was foimd that there was a marked tendency for the flattened 
baU to give the same diameter of impression irrespective of the varjdng hardness 
of the material. 

By using a diamond sphere under a pressure of 750 kg., this tendency was 
eliminated, and a smooth curve connecting the scleroscope and BrineU readings 
was obtained. 

This, of course, is not possible commerciaUy, as the indentations thus 
obtained are very smaU and difficult to measure, and the first cost and loss of 
diamonds through breakage makes the method very costly. 

* See paper read by Messrs. H. S. and J. S. Primrose before West of Scotland Iron 
and Steel Institute, February 15, 1918 (Table III,). Also BuUen’s “ Steel and its Heat 
Treatment,” pp. 270, 327, 361, etc. 

t Paper on “ Hardness Testing,” read before Iron and Steel Institute, September, 
1918. 
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Subject to the foregoing remarlis, the following table prepared by Sir 
Robert Hadfield in connection with the above paper, and giving average results 
for different classes of steel, may be found useful : — 


COMPABISON OF BrINELL BaLL AND SCLEROSCOPE HARDNESS NXJMBERS WITH 
Compression Strength, also Yield Point and Tenacity of Steel. 

Prepared by Sir Robert Hadfield. 

This table represents the average of a large number of tests on all types of steel, and is 
intended aB an approximate guide. Individual results vary considerably from the 
average. 


Zones of Hardness 

F to A. 

Approidmate Sclero- 
scope Hardness 
Number. 

Brinell Ball Hardness 
Number. 

Tensile Strength. 

Compression on Specimens 0*.564 in. 
diameter and 0*70 in. in height. 

Yield-point. 

Maximum Stress. 

Elastic Limit and 
0*25 per cent. 
Compression. 

Compression per 
cent. (100 tons 
per sq. in.) 
(160 Kg. per 
sq. mm.). 

Tons per 
sq. in. 

Kg. per 
sq. mm. 

Tons per 
sq. in. 

Kg. per 
sq. mm. 

Tons per 
sq. in. 

Kg. per 
sq. mm. 

F 


150 

20 

31 

36 

57 

17 

27 

49*0 


— 

175 

26 

41 

41 

65 

19 

30 

40*0 


34 

200 

32 

50 

46 

72 

21 

32 

35*0 

E i 

38 

225 

38 

60 

51 

80 

23 

36 

31*0 


42 

250 

44 

69 

56 

88 

26 

41 

27*0 


46 

275 

50 1 

79 

61 

96 

30 

47 

23*0 


50 

300 

56 1 

88 

66 

104 

34 

54 

19*0 

D 

54 

325 

61 

96 

71 

112 

38 

60 

15*2 


57 

350 

. 67 

105 

76 

120 

43 

68 

11*3 


61 

375 

73 

115 

81 

128 

49 

77 

8*0 


64 

400 

79 

124 

86 

135 

55 

87 

5*6 

C 

68 

425 

84 

132 

91 

143 

61 

96 

3*8 


71 

450 1 

90 

142 

96 

151 

67 

105 

2*4 


75 

475 1 

96 

151 

101 

159 

74 

116 



78 

600 

102 

161 

106 

167 

81 

127 

0*6 

B 

80 

525 

107 

169 

111 

175 

87 

137 

0*23 


84 

550 

113 

178 

116 

183 

94 

; 148 

0*21 


86 

575 

— 

— 

121 

190 

101 

159 

0*20 


89 

600 

— 

— 

126 

198 

108 

170 

0*18 

A 

92 

625*^ 



ri3i 

206 

115 

181 

0*16 


95 

650 1 

Not 

)l36 

214 

122 

192 

0*14 


99 

675 ( 

determined 

)141 

222 

129 

203 

0*13 


101 

700 j 



1 - 

— 

136 

214 

0*12 

.A2t 



725 \ 






rl44 

227 

0*11 


— 

750 I 

Not 

Not 


|151 

238 

0*09 


— 

785 ( 

determined 

determined. 


1159 

250 

0*08 



800 J 






[166 

261 

0*07 


* Glass -scratching hardness commences here. 

t Owing to want of data, but little is known about this extremely high zone of 
“ superhar&ess.” 
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Erom tiiose figures the curves shown in Figs. 62 and 63 have been plotted. 

The ratios and Tmsites^h 

Brmell number Scleroscope readmg 
factor and Scleroscope factor ’’ respectively. 
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The following table gives the approximate relationship between Brinell 
numbers and tensile strengths for various kinds of material : — 


Material. 

Brinell Factor. 



Gun-metal . . 

.. 0 08 to 012 

Average . . 

0 099 

Cast iron 

.. 0*05 to 0 06 

0 056 

Steel Castings 

.. 0 *15 to 0 -25 


0-212 

Phosphor ^ronze . . 

.. 0 08 to 0-12 


0-096 

Malleable Cast iron 

.. 0*14 to 019 


0-170 

Aluminium (Castings) 

.. 0 07 to 012 

>» • • 

0-097 


Approximate relationships between Brinell and scleroscope hardness 
numbers for other materials are as follows : — 

Cast iron B= 5*25 S. 

Brass and Bronze B= 5*25 S. 

Aluminium B= 5-0 S. to 6*0 S. 

Tin (Cast and Annealed) . . . . . . B= 2*1 S. 

The tests made both by A. F. Shore and by J. J. Thomas show that the ratio 
between the Brinell and scleroscope readings is not constant, but varies with 
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3 c/cf^oscope Read/n^. 

Fig. 63. — Curve showiag Scleroscope Factors and Tensile Strengths for Steel 

(Hadfield). 

the different metals, and that considerable variation is found even in the 
same metal. This variation is greater in the scleroscope than in the Brinell 
tests, probably owing to the fact that the scleroscope measures the hardness of 
very small areas, and these areas vary in hardness even on the same metal. 

The results shown in the accompanying curves have been checked by the 
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authors, and the readings of over 350 tests in different kinds of steel are 
summarised in Figs 62 and 63. These figures were used in* the preparation of 
Table II. 

Other Dynamic Penetration Tests. — ^The readings of the scleroscope 
are measurements of the energy remaining in the hammer after the work on 
the specimen has been done. The work of Batson * shows that the volume of 
indentation produced by dropping a hardened steel ball or cone on to the 
surface to be tested, is proportional to the energy of the blow and is approxi- 
mately independent of the form of the indenting tool. This confirms the 
findings of Lieut.-Colonel Martel in 1895 and 1900. 

Advantage has been taken of this fact to produce many hardness testing 
machines and apparatus on these lines, but the experience obtained with such 
machines is not yet sufficient to enable any practical results to be given. 

An elaborate series of experiments was made with one of these machines by 
Professor C. A, Edwards, and the results were published in papers read before 
the Institute of Metals (1918) and Institution of Mechanical Engineers (1918), 
but these results have not yet been put to the test of practical application, and 
therefore, at present they are of academic interest only. 

It was found that the harder metals gave greater differences than the 
softer metals, between the static and dynamic hardness impressions, the latter 
giving impressions smaller in diameter than the former. The reason for this 
has already been explained on p. 73. 

The results obtained by Professor Edwards and Mr. Willis may be sum- 
marised briefly as follows : — 

1. The results obtained by a dynamic hardness test made with a 10 mm. 
steel ball rigidly fixed into a hammer, under known impact energy, may be 
converted into terms of Brinell hardness numbers. 

2. The law governing the resistance to penetration of metals capable of 
plastic deformation, may be expressed by the equation : — 

d=CE0-25 

where d=diameter of indentation made by 10 mm. ball, 

C=constant varying with hardness of metal, 

E=total energy of impact. 

3. The factor C should not be used to express the hardness of a metal, but 
to calculate the energy necessary to produce a standard impression. 

The hardness is then expressed in terms of the energy required to produce 
that impression. 

4. Tlie impact test may be used satisfactorily for hard specimens. 

5. The results obtained by estimating the rebound of a hammer falling 
from a fixed height arp unreliable. A regular scale can only be expected where 
a standard penetration is obtained in aU tests. 

A practical application of the dynamic method is the ‘‘Auto Punch,’’ 
made by Messrs. Rudge Whitworth, of Coventry. This is an automatic centre 
punch ; the blow is applied by a compressed spring, the centre punch point 
being replaced by a baU diameter. The energy of the size generally 

used, is about 0*032 kg.-metre (0*232 ft.-lb.). 

The results obtained by this handy little instrument were found by Batson 

* “ The Value of the Indentation Method in the Determination of Hardness,” by 
R. G. C. Batson, Froc, Inst, Mech, E,, October, 1918. 
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to be approximately in agreement with the direct drop test. The indentation 
is small, and diflScult to measure accmately, but the authors have found the 
instrument useful in case-hardened work, where the Brinell test was difficult 
to apply and the scleroscope unreliable. Table IV. gives the approximate 
BrineU numbers corresponding to auto punch impressions. 

Other dynamic hardness- testing apparatus, such. as the “Fellin’’ and 
“ Boyelle Morin ” apparatus, are occasionally used, but are of no great practical 
importance at present.* 

Abrasion Tests. — ^The amount of wear taking place in running parts 
is occasionally so much more than might be expected from the results of a 
penetration test, that the only satisfactory guide in choosing a material for 
such parts is to make the parts in different materials and try them in the 
machine or engine itself. This “ trial and error ” method has the merit of 
conclusiveness, but it is not always possible to wait for such experiments to 
be made, and in the case of a new design, it is frequently impossible to make 
such experiments at aU. 

Therefore, it is necessary to have an abrasion test of some kind, the results 
of which can be relied upon to bear some approximate relationship to the 
practical running qualities of the material. 

Mr. Saniter divides the frictional effects which produce wear into three 
classes : — 

1. Dry rolling friction. 

2. Pure abrasion. 

3. Lubricated sliding friction. 

The Report of the Hardness Test Research Committee f contains the results 
of tests made by rolling friction and sliding abrasion. 

Tests with dry rolling friction were made on bars 1 inch diameter, which 
were rotated at 2,200 revolutions per minute, and supported a load of 410 lbs. 
This was applied through a ball race to a hardened steel bush, 1| inches 
diameter, the interior of which (J inch long) was roUed into the surface of the 
bar. The wear was taken as the reduction in diameter of the bar in ten- 
thousandths of an inch, after 200,000 revolutions of the specimen. 

The resistance to wear=-— — X 1000. 

wear 

It was found that the resistance to rolling abrasion was roughly proportional 
to the Brinell hardness number of the specimens tested. The latter varied 
from 219 to 720. 

It was also found that the Brinell number of the worn surface was the same 
as that on the unworn surface, but that the scleroscope readings were much 
higher on the worn surface than on the unworn parts. 

A very important factor in abrasion tests is the presence of vibration 

* The following papers may be consulted with advantage : — 

“Use of Scleroscope on Light Sections of Metal.” — Tritton, Inst, of Metals, 1921. 

“Notes on Ball Test.” — ^Baker and Bussell, Iron and Steel Inst.,^1920. 

“A Small Ball Hardness Testing Machine.” — Moore, Inst. Mech. Eng., 1921. 

“Prism Hardness.” — Haigh, Inst. Mech. Eng., 1920. 

“ Mecisurement of High Degrees of Hardness.” — Innes, Inst. Mech. Eng., 1920. 

“Hardness Testing.” — H. S. and J. S. Primrose, Inst. Mech. Eng., 1920. 

t Free. Imt. Mec^. E., November, 1916, 
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This considerably increases the rate of wear, and makes an accurate alignment 
necessary between the driving medium and the specimen. Frequent renewal 
and calibration of the wearing ring is also advisable. 

Many tests were also made with sliding friction, and here it was necessary 
to limit the amount of slip between the surfaces to J inch per revolution, as 
if this was exceeded there was a tendency to seize. Abraded particles were 
removed by a strong air blast, and thus rise in temperature was prevented. 

At a low pressure (100 lbs.) it was found that the wear was liable to be 
uneven, and that the specimen had a tendency to become elliptical. When 
the pressure was raised to 410 lbs., the wear was much more uniform. 

No perceptible hardening of the surface was observed, t.e. the surface was 
not deformed during the test. Manganese steel, however, is an exception to 
this rule, as the surface hardening effect is very marked in tliis class of st^el. 

The resistance to abrasion was shown to be roughly proportional to the 
Brinell number in alloy steels, but not in the case of carbon steels. It was 
established that the Brinell hardness numbers of a miscellaneous selection of 
steels are not a safe guide in predicting then* relative resistances to wear. 

The wear which takes place in machine or engine parts is generally due to 
lubricated sUding or rolling friction, and in this case, the amount of wear will 
obviously depend upon the nature and quantity of the lubricant used, and the 
method of applying it to the working surfaces. If lubrication could be made 
perfect, the surfaces of the rotating or sliding bodies would never come into 
contact at all, but would always be separated by a thin film of lubricant. 

In practice this is not so, and therefore the conditions obtained are a 
compromise between solid and fluid friction, inclining towards the one or the 
other as the lubrication is less or. more perfect. 

In thif* case, the relative speed of the two surfaces also has a very important 
effect upon the lubrication and wear, and this factor must always be taken 
into consideration in designing surfaces which move in contact with one 
another. 

The curvature of the rolling surfaces is also a factor in the result. This is 
not usually expressed in design formulae, but has a marked influence on the 
friction between the running surfaces. 

‘‘ Scratch Tests. — ^The abrasion test which appears to be the 

simplest, quickest, and most scientific to apply, is the ‘‘ scratch ’’ test. 

The “ Sclerometer,” invented by Professor T. Turner, consists of a balanced 
arm, at the end of which a diamond point is fixed. This is weighted to a 
definite extent and is drawn across the polished surface of the specimen to be 
tested. The scratch thus produced is compared with a standard scratch on 
a surface of known hardness. 

The weight necessary to produce this scratch is taken as a measure of the 
hardness of the material. 

^e difficulty of applying this method is that considerable sldll is necessary 
to judge the standard scratch, and the' readings are thus open to dispute. 
Further, the instrument is too delicate to be useful in the shops. 

A variation of tto test, used by the authors, wherein a standard weight 
was used and the width of scratch measured, failed to give sufficient delicacy 
in measurement. Also, a difficulty was experienced in getting diamonds cut to 
the same form of point, so that comparative readings on different machines 
ivere difScult to obtain, 
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A useful tool for testing ball and roller bearings is a rod of carbon Bteel, 
hardened, and ground off at right angles, the edge being used as a scraper. 
This does not give quantitative results, but is a good indicator of variations in 
extreme hardness. 

Both the scratch test and the scleroscope fail to differentiate satisfactorily 
between intrinsic and work hardness. Por a further discussion of this point 
see “ The Effect of Cold Work on Metals and Alloys,” by 0. W. Ellis {Metal 
Industry, Dec. 6, 1919). 

Machining Tests. — ^The hardness experienced by the machinist is 
again a somewhat different property to those measured above, but may be 
indicated to some extent by the Brinell test. 

A more direct method of testing this property is by means of a drill test. 

* A standard drill is driven into the specimen at a constant speed and load. 
The penetration obtained for a given number of revolutions is a measure of 
the machining hardness of the material. 

Table V. gives a rough indication of the machining hardnesses of different 
classes of steel. In this table, the machining properties of 25-ton carbon steel 
are taken as 100, and those of the other steels are expressed as a percentage of 
this.* 

Hardness of Brass. — ^A series of tests on brass containing 66 per cent, 
copper and 34 per cent, zinc, was made at the Sheffield Scientific School of 
Yale University,! to ascertain the relationship between the Ultimate Strength, 
Brinell, and Scleroscope Hardness Numbers of that material. 

It was found that the curve between the scleroscope numbers and ultimate 
tensile strength was parabolic for brass, and that the relation also held for the 
Brinell numbers obtained at 500, 1,000, and 3,000 kg. and the ultimate strength. 

The curve between the Brinell and scleroscope numbers for brass was found 
to follow (approximately) a straight line law. 

The 3,000 kg. load made veiy large depressions which were liable to show 
on the other side of the specimen. 

Loads of 500 kg. gave small depressions which were not always circular, 
but loads of 1,000 kg. were satisfactory for all specimens of brass over 0*2 inch 
in thickness. 

The figures obtained will be found in Table VI. 

* Such tables should be used with caution as there is no direct connection between 
Brinell and machining hardness, the indentation test being merely a rough guide. 
However, in spite of the approximate connection the Brinell hardness is an extremely 
useful guide to the machinist. See “The General Properties of Stampings and Chill 
Ceustings in Brass,” by O. W. Ellis, Inst, of Metals, No. 1, 1917. 

t “ Hardness Tests for Brass,” by W. K. Shepard, American Machinist, 



CHAPTEK VII 

CHEMICAL COMPOSITION AND MICKOSTEUCTURE OF MATERIALS 


The influences which the constituents of a certain material have upon its 
properties are of considerable importance, and a clear realisation of the extent 
of such influences will enable the engineer to select his materials with a fuller 
knowledge as to their behaviour under the conditions imposed in practice. 

The compositions of the various materials used in engineering work are given 
in their respective chapters, and reference should be made to these chapters. 
Mention is also made in some instances of the effect of varying the proportions 
of the constituents, but in this and the two succeeding chapters the influence 
of each element in a material vdU be stated as far as is possible to do so. 

Commercial materials are very seldom pure, and their composition may 
ahvays be divided into two main groups as follov s : — 

1. The main constituent or constituents. 

2. The impurities. 

In most cases the properties of the main constituent or constituents are 
well known, but when impurities exist these properties are sometimes consider- 
ably modified, but with some materials, however, the extent of such modifica- 
tions is, unfortunately, a matter of conjecture, although in the case of steel, 
research has removed most of the doubtful points at issue. 

The metallurgical operation whereby the materials are obtained from their 
ores usually governs the percentage of the impurities found, and in consequence 
a metal obtained by one process is freer from a certain impurity than when 
obtained by another process. The same also applies to the source from which 
the ores or other raw materials are obtained. Thus mild steels are classified 
as acid ” and basic ” steels because of the difference in the metallurgical 
operations by which they are produced. 

Although a material may consist of the two groups of constituents mentioned 
above, i.e, the main constituent and the impurities, it does not follow that these 
remain in the presence of each, other in their natural state. On the contrary 
it is usual to find them in a more or less complex state which renders it 
difiicult to form a clear judgment as to their relative behaviour. The following 
diagram is intended to convey an impression as to the possible states in which 
the main constituents and the impurities may exist. In the case of steel it will 
be shown later how the carbon in it exists as a chemical compound (iron 
carbide) which can form a solid solution (austenite) and yet at other times an 
eutectoid (pearlite), while in fJie case of cast iron it will exist as carbon alone 
(graphite). The same possibilities apply in different degrees to all other 
materials both as regards the main constituents and the impurities. 

90 
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.unaltered as single metal 




remain unaltered 


/ . as chemical compounds^ as solid solutions 

Main Con8tituent(s) as alloys^as solid solutions \as eutectoids 

\ \as eutectoids 

\ y^as chemical compounds 

-as solid solutions 


Impurities - 


/ \as eutectoids 

^unaltered yunaltered 

- — ^as chemical compounds^ as solid solutions 
Nas solid solutions \as eutectoids 

as eutectoids 

Diagram showing some Possible States in which the Main Constituents of a Material and 
the Contained Impurities may exist. 


This diagram reveals an important fact regarding the composition of 
materials, and that is the possibility of the constituents assuming various 
physical, as well as chemical, combinations, such as “ solid solutions ” and 
eutectoids or eutectic mixtures. These physical arrangements cannot of 
course be discovered by ordmary chemical analysis since this only gives the 
final or ultimate composition : e,g, the analysis of steel will give the 
proportion of carbon it contains but will not show in what form it actually 
exists. Thus chemical analysis often supplies mformation of little or of no 
value. At the same time, however, the ultimate composition of a material 
is the only one that can be specified in actual practice, since from a practical 
and commercial point of view our work is mairdy that of reproducing a given 
material and therefore whatever physical forms its constituents may assume, 
it is fundamentally important that the chemical composition should be the 
same. Starting with the same proportion of constituents each time it then 
becomes a physical process of some kind to obtain the properties required in the 
final material. 

Fortunately the microscope enables a good deal of information to be obtained 
as to the physical arrangements, etc., of the constituents and thus supplies 
that which ordinary chemical analysis cannot definitely show. 


The Micro-Structure of Materials 

The microscope as a means for the examination of material is of immense 
value to engineers and, even in the smallest concern, should form part of the 
equipment for the inspection of materials. The information afforded by the 
intelligent study of a piece of metal under a high magnification is not only 
related to the chemical composition but is valuable in so far that the actual 
arrangement and disposition of the constituents are revealed, and this in great 
measure determines the mechanical properties of the material. 

While chemical analysis gives the ultimate composition of the material 
it does not give any clue to the proximate composition and thus in many cases 
is not very helpful, whereas the proximate composition as analysed by the 
microscope will enable a better judgment to be formed as to the value of the 
material for the purpose in hand. This is very pronounced in the case of steel, 
for though chemical analysis may show that it contains, say 0*45 per cent, of 
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carbon, the microscope will not only show this with fair accuracy, but will give 
additional infoinnation as to the form in which the carbon exists, i,e, whether 
pearlite, martensite, or other state, and, knowing the properties of these various 
forms, the. properties of the steel can be judged ; the presence of pearlite 
indicating a fairly soft and ductile material while martensite would indicate 
hardness and low ductility. 

To the engineer it is a method for analysing materials without the necessity 
of mastering the slow and somewhat cbmphcated methods of chemical analysis 
and by reason of its simplicity and somewhat mechanical manipulation it appeals 
to him. 

In works practice the microscope has two definite uses : (1) to watch for 
certain characteristic defects in materials requhed for important and vital 
parts, and (2) to investigate causes of failure in heat treatment and the reason 
for the breakdown of parts while in use. Other uses will be found in connection 
with works practice such as the cause of machining difficulties, leakage under 
pressure and many more. 

A number of examples where this method has shown up the cause of failure, 
or defects which might lead to failure, are given in Chapter IX. These repre- 
sent such common faults as those due to slag and oxide inclusions in rolled 
bar, segregation, etc., also high forging temperatures and chemical defects due 
to impurities such as sulphur and phosphorus. Then in the case of castings 
defects such as crystallisation and segregation — ^porosity and other faults due 
to incorrect pouring temperatures are given. 

It has a further important commercial use in the examination of castings, 
for where chemical analyses are part of the routine examination and are, by 
reason of their number, comparatively inexpensive, the necessity for tensile 
or other mechanical tests is eliminated since the microscope wall reveal the 
structure of the material, and this in turn will enable a fair estimate to be made 
of such physical properties. The real importance of this lies in the fact that 
no elaborate arrangements need be made for casting test pieces on the actual 
casting (sometimes very difficult if not impossible) and no special operation for 
cutting off such test pieces is required. 

The constituents forming the material, their arrangement or grouping, and 
relative dimensions can be studied in most cases and, with a knowledge of the 
properties that result from such combinations or groupings of the constituents, 
valuable comparisons can be made between known materials and the actual 
castings or other parts which, by reason of their expensive character, cannot be 
cut up for more elaborate tests. It is comparatively easy to remove a small 
piece (say J inch cube) from some portion of a large casting and to examine 
this with a microscope. 

In the study of the effects of heat treatment and for research on materials 
this method of examination is invaluable, and therefore, before proceeding 
to the chapters dealing with the constitution of materials and that on heat 
treatment, it will be helpful if the method and the nomenclature connected 
with it are understood, because reference will be made to the structure of most 
of the materials dealt with in this book. 

Microscope and its Accessories. — ^The selection of a microscope and 
its accessories depends to some extent on whether photographic records are to 
be obtained. Much has been written regarding this, and the reader is referred 
many books which deal so ably with this portion of the subject. Only 
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the principal requirements will be dealt with here, and these are as 
follows : — 

1. Microscope with mechanical stage permitting movements in both 
directions across the held of view and also coarse focussing adjustment. 

2. Three objectives (ordinaiy achromatic objectives will do) having focal 
lengths of 4 mm. inch), 16 mm. (| inch), and 32 mm. (1| inches), giving initial 
magnifications (at 250 mm., 
the distance of distinct 
vision of the eye) of 43, 10, 
and 4 diameters. 

3. Two eyepieces or ocu- 
lars of magnification 5 and 
10 diameters. 

4. A vertical illuminator, 
either tJie prism type or the 
transparent reflector type, 
preferably the latter. 

5. A source of illumina- 
tion — the quality of which 
must be arranged to suit 
photography if records are 
to be taken. For ordinary 
visual work a metallic fila- 
ment lamp is quite suitable, 
used with a condenser to 
concentrate the light on to 
the illuminator. For photo- 
graphic work an arc light is 
without doubt the best. 

This apparatus is shown 
in Fig. 64. 

Preparation of Speci- 
mens. — In general the 
specimens are easily pre- 
pared and, with suitable 
arrangements, very little 
time is required. The ope- 
rations are : — Fig. 64. — ^Microscope with Tassin illuminating appa- 

1. Cutting the rough ratus (a) ; vertical illuminator (b) ; mechanical 
specimen out of the piece ' carrying specimen (D). 

to be examined. 

. 2. Machining, filing or grinding a flat surface ready for polishing, 

3. Polishing the flat surface. 

4. Etching the polished surface. 

The first operation, although not often described in works dealing with this 
subject, is given because it is usually one that requires careful attention. When 
the material is in the soft state the piece can be cut out with a saw or, when in 
a difficult position, a series of holes drilled round it will enable it to be removed — 
in other cases it may be necessary to put the work in the hands of a good machine 
man and leave him to cut it out. Hardened material wiU have to be cut 
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with a grinding wheel unless it can be broken — a risky operation so far as the 
specimen is concerned. 

In all cases, however, precautions must be taken to prevent heating the 
specimen and so altering its structural characteristics. Also the surface to 
be examined should not be tom or strained by the cutting off and so give an 
untrue “ tale of affairs to the observer. 

It is essential to note in what position the specimen lay in the original 
piece and to decide which section should be studied. The view obtained from 
the cross section of a drawn or rolled bar may be very different to that obtained 
from a lengthwise section in which the direction of flow is shown. Similarly 
in the case of castings the position of the specimen relative to the centre or to 
the outer surface should be noted on account of the difference in the cooling 
rates between the centre and the outside of the casting. The examination of 
a piece taken from a thin web may lead to most erroneous conclusions as to 
the state of the main casting, imless such a fact is known and stated. 

When parts are being handled in large numbers advantage should be taken 
of any that have been scrapped through machining faults, and a careful com- 
parison made between the vital portions and those joortions which ^re accessible 
for specimens. 

The second operation should be given the same attention and the surface 
produced should be the result of careful light cuts and slow' grinding. 

" The polishing of the flat surface is accomplished by various grades of emery 
paper, each one finer than the last, and then by finishing on polishing pads 
using such abrasives as jeweller’s rouge, diamantine powder, or some of the 
artificially made pow^ders such as P.P.P. powder.* Of course, the degree of 
hardness of the specimen and its composition must be taken into account, 
but a httle experience will soon guide the operator in this matter. The quality 
of the polish can be judged by examination under the microscope and the process 
stopped as soon as a satisfactory surface is obtained. Commercially there 
is not the same need to obtain surfaces entirely free from scratches as in careful 
research work, or w^ork for reproduction or publication ; still at the same time 
it must be borne in mind that such scratches may lead to a Avrong conclusion 
on some occasions, and they are best out of the way. 

The last operation is that of etching or attacking the polished surface with 
some chemical reagent which tends to corrode or re-act with some of the 
constituents of the material without acting upon or only slightly acting upon 
others, thus differentiating their appearance. 

In some cases there is no need to etch the specimen because the constituents 
already appear different, e,g, cast iron when polished show s the graphite areas 
quite distinctly. Also when some constituents are harder than others they 
stand in relief to the softer material and are easily distinguished under oblique 
lighting by the shadows cast round them. 


Etching Reagents f:— 

Steel and Iron. — Nitric Acid solution, consisting of 10 per cent, of pure 
strong acid and 90 per cent, of absolute alcohol. 

♦ Supplied by the County Chemical Co., Ltd., Birmingham, 
t These are the more common ones ; many workers favour other reagents. 
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Picric Acid solution, consisting of 5 grams of acid dissolved in 95 c,c. absolute 
alcohol. 

Sodium Picrcde solution, consisting of 2 grams picric acid dissolved in a 
solution containing 24*5 grams of caustic soda dissolved in 73*5 c.c. water. 

Stpxid's Cupric Reagent, consisting of cupric chloride 10 grams, magnesium 
chloride 40 grams, hydrochloric acid 20 c.c., alcohol to make to 1000 c.c. 
Salts to be dissolved in hot water to saturation and then alcohol added. 

Copper and Copper Alloys, such as Brass, Bronze, etc.- — 
Amm&nium Persulphate solution, consisting of 10 per cent, pure ammonium 
persulphate in 90 per cent, water. 

Lead, Tin, Antimony Alloys, White Metals, Anti-Friction 
Alloys. — Strong Hydrochloric Acid, 

Aluminium and its Alloys. — Hydrochloric Acid solution, consisting 
of 10 per cent, pure acid and 90 per cent, water. Caustic soda or Potash 
solution. 

The above etching liquids should not be applied until the specimen is free 
from grease or oil. The general procedure is to wash the specimens in ether 
or alcohol and then to immerse them in the desired etching liquid. This 
should then be followed by washing in alcohol and drjdng rapidly (by air blast 
preferably). Other methods and other ways of employing these reagents 
are in use, and some of these are dealt with below. 

For steel and iron the most successful etching reagent is picric acid. This 
leaves a shght deposit which will require removing by very gently rubbing 
the surface on a clean smooth piece of chamois leather stretched on a flat 
board. 

To give an idea of the use of such a reagent the following remarks concerning 
its performance will be of interest : — > 

Pearlitic Steel. — ^Thirty seconds’ immersion should show good contrast 
between ferrite (and cementite) areas and the dark areas of pearhte. If there 
is much ferrite the grains should appear like a delicate and distinct network. 
This will not appear if the etching time is insufficient. 

Sorbitic Steel. — ^This constituent etches more rapidly than pearlitic 
steel and 15 seconds’ immersion will probably suffice. The structure will be 
granular and ill-defined. 

Troostitic Steel. — ^This constituent etches more quickly than any other 
constituent, 5 seconds being sufficient time for immersion. A* better control 
can be obtained by using a weaker solution, say 2 per cent. If martensite is 
present this short etching will not reveal it except as white patches. 

Martensitic Steel. — ^Ten seconds’ immersion will generally bring this 
constituent out although a high magnification (300 diams.) may be required 
to resolve it. Any troostite which may be present will be intensely coloured — 
more so than any other constituent. 

With alloy steels the etching is generally much slower, and various modifica- 
tions in treatment become necessary. Nitric acid acts more quickly and is 
preferred by some instead of picric acid, but whichever solution is used it should 
be adopted for general use so that all examinations may be comparable. 

The sodium picrate solution is used to detect cementite and should be used 
boihng, 5 to 10 minutes’ immersion being required. The cementite will show 
up brown or blackish. 

Stead’s Cupric Reagent is useful for showing up phosphorus areas or 
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segfi^gation. It is applied as a thin layer on the surface and left there for one 
minute and then shaken off, a second layer being placed on it. The process 
is repeated as often as may be found necessary, after which the specimen is 
washed in boiling water and then with alcohol, and dried in an air blast. Copper 
is deposited first on those areas which are most free from phosphorus, and as 
each application is made the copper coating spreads until the whole surface is 
covered, the last remaining patches being those richest in phosphorus. 

Heat Tinting. — ^This consists in heating the specimens until the surface 
becomes coloured with oxide films. It is particularly useful in showing up 
pho&q^des in steel, iron and in phosphor bronze. It also helps to differentiate 
between the manganese and iron sulphide found in iron and steel. 

To obtain the best results with this method the specimen should be 
etched to a very slight extent (only) with picric acid, and then be placed 
on an iron plate or on the surface of a bath of molten solder and heated. 

Those portions rich in phosphorus oxidise before the purer portions and 
pass through a range of tints : yeUow, brown, red, and purple. The purer 
portions also pass through these tints, but by the time they reach the yellow 
or brown stages the phosphorus-rich portions will have become red or purple. 
Further heatmg will cause the phosphorus-rich portions to take up a 
yellowish-white tiut at about the time the purer portions have a blue tint. 
The amount of phosphorus present controls the rate at which the tints 
appear. 

Grain or Flow of Metal. — ^Etching is often resorted to in determining 
the direction of the grain or flow in materials, especially steel. With ordinary 
etching reagents, the flow in a steel stamping or forging can often be dis- 
tinguished with a low -power magnifying glass. The part to be examined should 
be sectioned or cut to expose the required plane, and this should be polished 
up so as to produce a surface of fair quality — ^not necessarily as good as for 
ordinary micro-examination. This surface after cleaning should be treated 
with a copper solution such as Stead’s, and then be attacked with a dilute 
solution of nitric acid. By this means a very deep form of etching takes place, 
and the fibres or grain of the steel show up quite distinctly to the unaided 
eye. 


Crystallisation 

Growth of Crystals. — ^When a substance changes from the liquid to 
the solid state crystallisation generally takes place, the molecules tending to 
arrange themselves so as to form definite geometric forms such as cubes. 
These sep-rate formations are ciystals, and the material that behaves in this 
manner is said to be dystalhne. 

Those materials which do not crystallise are called amorphous substances 
glass being a good example. 

Crystals are fouiid to split easily in one or more directions, generally parallel 
to one or more of the faces. This is usually referred to as “ cleavage/’ and 
the directions in which it easily takes place are called the planes of cleavage. 

When a metal cook from the liquid to the solid state the mass be Jn's to 
solidity at several points each being the centre for the growth of a crystal. 
As the crystal grows it comes into close proximity with other crystals also 
growing, with the result that its correct external form is prevented from 
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developing and only an irregularly shaped mass is formed. This will be under- 
stood more clearly by referring to Fig. 65,* which shows diagrammatically the 
growth of several crystals. 

The final arrangement is a mass of distorted shapes, each of which 
represents a separate crystal and has all the properties of a crystal. Since, 







Fig. 65. — ^Diagram demonstrating Crystal Growth during cooling from the Liquid State 
into the Solid State. ITote that the separate crystal grains start at several points, 
eventually meeting to form irregular areas or “ grains.” 

however, they are not perfectly shaped it is usual to call them ‘‘ ciystal grains,” 
or more simply grains,” and thus they are differentiated from true crystals. 

At the boundaries of the crystal grains there are left minute spaces which, 
it is assumed by some, are filled by amorphous metal. 

The number and size of the grains will depend on the number of centres 
at which crystallisation commences, and hence upon the rate of cooling and also 

♦ This maimer of showing crystalline growth is due to Rosenhain. 


H 






98 MATERIALS & DESIGN 

upon the purity of the material. The slower the cooling and the purer the 
metal the larger will be the grains. 

Since the growth of the grains proceeds in all directions (until arrested) 
and in aU planes it will be seen clearly that when a polished flat surface is 
prepared the natural planes of the crystal grains cut through, will be at 
various angles to the polished plane. This is easily proved by etching the 
polished surface, when the different grains will be quite distinguishable, some 
appearing bright while others are semi-dark and others very dark. The bright 

grains are so placed that their 
natural planes are normal to 
the vertical light and reflect it 
into the microscope while the 
dark grains have their natural 
plane at such an angle that the 
reflected light passes away from 
the microscope and, therefore, is 
not seen. Other grains differ- 
ently oriented reflect more or 
less light into the microscope 
and appear more or less bright. 
This characteristic structure is 
shown by Fig. 66. 

Boundaries of the Crys- 
tal Grains. — ^The nature of the 
material formmg the boundaries 
of the grains has been the subject 
of much discussion and various 
theories have been put forward. 
From a practical point of view , 
however, and considering metals 
and alloys of the usual commer- 
cial standard of purity it may 
be taken for granted that as a 
general rule with fairly pure 

Fig. 66.— Micrograph of Special Brass showing materials the boundaries are 
Grain Formations and the different Orienta- stronger than the crystal grains 
tion of the Grains. Magnification 60 dia- themselves, and that when rup- 
meters ; etched with ferric chloride. ^^^e of a metal takes place it is 

generally due to the slipping or 
even splitting of grains along their cleavage planes, and. not along the bound- 
aries as might at first be expected. 

The presence of impurities sometimes has a considerable bearing on the 
nature of the boundaries owing to the tendency of the material when crystal- 
lising to throw out certain foreign matters which eventually become trapped 
between adjacent grains and thus form part of the boundary. Such impurities 
will in some cases affect the quality of the material by reducing its ductility, 
weldability, electrical conductivity, etc., and often increase its hardness and 
fusibility. 

Solid Solutions. — ^A solid solution is one in which the essential character- 
istics of a liquid solution are retained even after solidification. The addition 
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of a metal or metalloid to another may result in either of the following ; — (1) it 
may combine with some of the main metal in definite proportion forming a 
chemical compound, (2) it may remain uncombined. Either or both of these 
may then be soluble in the main metal and when solid remain in solution 
for ming a Solid Solution. On the other hand either one or the other or both 
may be insoluble and will, therefore, be rejected by the crystal grains forming, 
in most cases, an “ eutectic ” alloy. 

Metals which dissolve in each other forming solid solutions will do so in 
varying proportions, and the resulting solid will be so homogeneous that it is 
impossible to detect the presence of either, even under the highest powers of 
the microscope. Their identity is completely lost in the solution. 

Eutectic Alloys. — ^This important arrangement of the constituents in 
a solid mass of alloy or impure metal may be defined as that alloy in a series 
of alloys having the lowest transformation or melting point. It is a mechanical 
mixture and as such is easily distinguishable under the microscope. The for- 
mation of the eutectic mixture takes place as follows : When a molten mixture 
of two metals, ‘‘ A ” and “ B,’' is allowed to cool, a temperature is reached 
at which ‘‘A” will commence to separate out as a solid {i.e, freeze). The 
loss of this particular metal will make the remaining liquid richer in ‘ B,” and 
this increase in richness will continue as the temperature falls, more and more of 
the metal “ A ” separating out. At a certain temperature, and when the metals 
“ A ” and B ” are in certain definite proportions, the remaining liquid will 
freeze as a whole, although not in the form of an indistinguishable mass. The 
portion that freezes last is the Eutectic alloy and is usually recognised by its 
laminated appearance, i.e, by the fact that it consists of thin plates or laminse 
of one metal interleaved with thin plates of the other metal. This proceeding 
takes place when the proportions of the metals have reached a definite ratio, 
and always at a definite temperature, which is the lowest freezing-point of 
any mixture of the two metals. This structure is shown in Eig. 97. 

This also applies to compounds and solid solutions and is not confined to 
pure met^ alone. 

Eutectoids. — In some instances a similar proceeding takes place in solid 
solutions, but with the constituents in less definite proportions, although the 
final structure is much the same. The mixture is then referred to as an 
eutectoid to distinguish it from those really definite mixtures^ called eutectics 
that separate out. from a liquid. The mixture of iron carbide and iron in 
steel is an eutectoid, and the laminated structure formed by these is generally 
referred to as pearlite. An example of this is shown in the micrograph of 
Cast Iron, Fig. 82. 

Impurities. — ^The impurities found in commercial metals and alloys 
can be divided into two classes ; those that form solid solutions with the actual 
material, and those that form eutectic alloys. The former class do not influence 
the character or the structure appreciably except in so far that the grain size 
may be altered considerably. 

The latter class, however, exert a very marked influence on the structure 
as they are usually rejected to the grain boundaries, taking with them a little 
of the main material and forming an eutectic alloy. Thus actual films or mem- 
branes surround each crystal grain, and are ea^y detected under the microscope. 
These membranes naturally affect the properties of the material, often reducing 
the ductility, etc. 
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. Effect of Temperature. — ^The constituents forming the different crystal 
grains and their boundaries, in a material, may have different coefficients 
of expansion, with the result that changes in temperature such as cooling after 
casting will fond to cause a partial separation between one grain and another. 
This would account for the porosity of some materials such as gunmetal, which 
appear perfectly sound and without blowholes, yet are porous to liquids like 
water and paraflSn. 

This expansion and contraction of the different constituents in castings 
has a tendency to open out the material and to form planes of weakness. 

The effect of temperature on the constituents themselves, is a different 
stdyect, and is dealt with in connection with the actual materials in later 
chaj^rs. 

Cold Wjdikihg. — Iron, steel, cppper, brass and many more materials are 
cold rolled or drawn into bar form for machining into bars, bolts, screw^s, 
nuts, and other parts, and it is not uncommon to find that such parts fail for 
some reason which is veiy much akin to brittleness. 

The effect of working metals in the cold state, therefore, should be understood. 
Beilby^s theory is that during the deformation of a metal the various sections 
of the individual grains slip along their gliding or cleavage planes, and by doing 
so, generate amorphous metal at these planes. Further, it is believed that 
amorphous metal already existing at the grain boundaries is increased in 
amount as the result of such plastic formation. 

Thus, when the elastic limit of a metal is exceeded, and plastic deformation 
begins to act, slipping takes place along the cleavage planes of the individual 
crystals, resulting in a relatively high temperature localised at these slipping 
planes. At the temperature so produced the slipping generates amorphous 
metal, and this acts m the manner of a lubricant to promote slip. 

The metal at the moment of slipping appears to be very mobile but does 
not remain so for long, passing into the hard amorphous state, which is 
stronger, harder, and more brittle than the crystalline. Thus, those portions 
where amorphous metal has been generated, are stronger than other portions 
where no slip has occurred, and with further deformation the metal is amor- 
phised more and therefore becomes stronger. 

It is not possible to completely amorphise a ductile metal by work ; for 
it has been shown by Beilby in the case of wire drawing that the grains, even 
though enormously elongated, retain a crystalline core encased in an amorphous 
shell. 

With bar material such as bright drawn steel the cold working or deforma- 
tion effects are greatest in the outer lay^ers, the centre being less amorphous 
than the outside. Thus, the outer layers are generally harder, and more 
brittle than the interior, and since the outer portion in the case of studs or 
tie bars, usually carries the thread it is evident that the stripping or breakdown 
of such studs or tie bars is a common possibility. In small-section bars the 
difference between the centre and the outer layers is not much, the bar being 
comparatively brittle right through, but with large sections it is quite pro- 
nounced, the centre of the bar probably giving good test results (on Izod 
u impact) while the outer layers are poor. 

f Secondary Crystallisation. — ^It is important not to confuse the 
: ** secondary crystalli^tion ” phenomenon that takes place when an alloy in^ 
.%K>ling changes from a state of solid solution to one in which the constituents 
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separate out, with the phenomenon that occurs during solidification from 
the molten state. This latter phenomenon may be referred to as “primary 
crystallisation ” and is quite ^stinct from that which occurs with the solid 
solution. 

With iron-carbon alloys such as steel this secondary crystallisation is of 
considerable importance, and because of this it is explained fully in Chapter VIII 
and again in Chapter X. 

The effects of cold working on the grains of a metal or aUoy, their distortion 
and ultimate recrystallisation during annealing, are factors which, until 
recently, have not been fully understood and even now the information avail- 
able is rather meagre. One point, however, should be made clear at this 
stage, and that is the possibility of developing a coarse-grained structure 
through annealing (after cold working) at an unsuitable temperature even 
though this temperature may be below that at which the alloy passes into a 
state of solid solution. In other words, there is a state of affairs in which 
grain growth proceeds at a rapid pace and at quite low temperatures. The 
degree of distortion due to cold working infiuences this exaggerated grain 
growth which takes place during subsequent annealing, and for this reason the 
latter operation must be adjusted to suit the conditions produced by the cold 
working. 

Apart from rolling and drawing operations, which in most cases only concern 
the manufacturer of the raw materials, there are operations which the engineer 
has to consider, such as pressing, both hot and cold, and it is in connection 
with these that the annealing process may require serious consideration. 
This question is dealt with in Chapter VIII under the heading of Cold 
Working. 



CHAPTER VIII 

MICRO-STRUCTURE AND COMPOSITION OF STEEL 

Micro-constituents 

Although steel is a carbon-iron alloy, its examination under the microscope 
does not reveal carbon as carbon. In this respect it differs entirely from 
ordinary grey cast iron, which if pohshed and examined (without etching) 
wiU show flakes of graphite (or carbon) quite distinctly (see Fig. 67). A 



Fig. 67. ^Micrograph of Cast Iren, polished only, showing presence of Graphite Flakes. 

Magnification 150 diameters. 

piece of steel under the same conditions will, with vertical illumination, appear 
stnictureless, no sign of carbon being present. 

If the specimen is etched with picric acid, however, dark areas will be seen, 
the proportion and size of these depending on the carbon content and also on 
the heat treatment to which the steel has been previously subjected. 

The nature of the dark areas will be found to vary considerably even in 
the same steel, if it is heat treated in different ways. The amount of carbon 
in the steel will also be found to influence the character of these areas to some 
extent. 


102 



MICRO-STRUCTURE & COMPOSITION OP STEEL 103 

From this it is evident that the dark areas either contain the carbon in some 
form or other or are influenced by it. As a matter of fact, the carbon is wholly 
contained in them and the white areas are simply pure iron. 

Thus it would appear that the carbon is absorbed by or is in combination with 
the ii*on, and that the resultant mixture or compound is capable of assuming 
different forms or appearing as constituents having totally different appear- 
ances. This is the case, and it is now known that steels may contain any of 
the following constituents which, although a httle in advance of this stage, are 
given together with some particulars of their properties and appearance and 
also their occurrence. 

Austenite. — A sohd solution of carbon in iron, or more probably of carbide 
of iron (Fe^G) in iron, resulting from the sohdification of the steel and existing 
only (in carbon steels) at high temperatures above what is known as the trans- 
formation point. It is very seldom found in ordinary carbon steels but appears 
in some of the alloy steels when suitably heat treated. Its appearance in 
hardened high carbon steel is as a ground mass pierced by zigzag needles and 
lances of martensite. 

It is hard but not as hard as cementite, which is the hardest constituent 
found in steel. 

Cenientite. — This is a chemical compound of iron and carbon (Fe^C) 
which remains in solution in the iron at high temperatures (above the 
transformation point) forming austentite, but which separates out at lower 
temperatures, and is found in the form of very thin plates or laminae inter- 
mixed with similar laminae of iron, forming what is known as “ pearhte/* and 
in the case of high carbon steels containing more than 0*9 per cent, carbon 
exists as a network surrounding the crystal grains, or as needle-shaped crystals 
running in the cleavage planes of the grains themselves. 

It is also found in the form of irregular-shaped spheres and is then known 
as “ spheroidal ” cementite. 

This is the hardest constituent found in steel, but its tensile strength is 
exceedingly low, being about 2 to 3 tons per square inch. 

Ferrite. — ^Nearly pure iron, containing perhaps a little phosphorus and 
sflicon but extremely httle carbon. At high temperatures above the trans- 
formation range it forms part of the sohd solution austentite, but on slowly 
coohng it separates out at the same time as cementite. 

It is found in annealed or normal steels of low carbon content (0*2 per cent.) 
in the form of irregular-shaped masses (white in colour) intermixed with the 
dark “ carbon areas.” 

It also forms part of the constituent “ pearlite,” taking the form of very 
thin plates or laminae which are alternately arranged wdth similar laminae of 
cementite. In medium carbon steels (0*4 to 0*5 per cent.) it usuaUy forms 
a coarse network surrounding the dark “ carbon areas.’’ 

It is a soft constituent having a tensile strength of about 18 to 20 tons per 
square inch, but is very ductile and gives an elongation figure of about 40 per 
cent, on 2 inches. 

Pearlite.— A mechanical mixture of about six parts of ferrite to one part of 
cementite. It is an eutectoid mixture and is formed when austentite cools dow n 
to a certain transformation point at which cementite and ferrite are thrown out 
of solution in the proportions given above. It exists in slowly cooled steel in 
the form of very tW, clearly defined plates or laminae of cementite and ferrite 
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alternately arranged. The laminae are parallel and do not intersect. It 
usually requires a high magnification to resolve it into its laminae, 300 diameters 
being about the' least at which the structure is distinguished. 

Pearlite contains approximately 0*9 per cent, carbon and 99*1 per cent, 
iron. 

It is a tough constituent having a tensile strength of about 55 tons per 
square inch and gives an elongation of about 10 per cent, on 2 inches. 

Martensite. — ^This is a transitional constituent obtained during the 
change from austenite into its components cementite and ferrite. It occurs 
early in the change and in consequence is usually only found in steel which has 
been rapidly cooled (i.e. hardened). 

It is distinguished by its plate or needle formation, these intersecting each 
other as though they ran parallel to the sides of an equilateral triangle. It is 
also found as small crystallites which are not often arranged in triangular 
order and which sometimes are so fine that they appear to be amorphous. 

It is a very hard and brittle constituent, ghdng tool steel the hardness which 
results when it is “ quenched ” in water from a temperature above the critical 
range. 

Troostite. — ^This is the second transitional constituent in the change 
from austenite to pearlite. It appears to follow martensite in order. 

It occurs in steel which has been cooled at an intermediate rate or in 
hardened steel which has been reheated to just below 400^ C. It then 
appears as irregular, fine, granular areas of indistinct form, which are much 
darker than the other constituents. It is usually associated with martensite. 

Troostite harder than pearlite but softer than martensite. It is not so 
ductile as pearBte. 

Sorbite. — ^There is a third transitional constituent in the change from 
austenite to pearlite, following troostite in order. It appears to be simply a 
form of aggregation of the pearHte and ferrite areas, and is not a change of the 
same character as those mentioned above. 

It occurs in steel which has been cooled moderately fast or in hardened 
steel which has been reheated to about 450° C. It then appears as ill-defined 
areas, almost amorphous in character and lighter in colour than troostite. 
It is tougher than pearhte although iiot quite so ductile, and has a very important 
bearing on the properties of low and medium carbon steels. 

Cooling and Heating of Steel 

When a piece of steel is allowed to cool slowly from a high temperature 
(about 1,100° C.) various changes occur and the different constituents mentioned 
above appear at different phases. By increasing the rate of cooling, making 
it very rapid, some of the constituents which generally exist only at high 
temperatures are retained in the cold steel and give it some of the properties 
which they themselves possess. 

A low carbon steel upon solidification becomes the solid solution austenite 
and remains as such during cooling until at a definite temperature, depending 
on the carbon content (and to a lesser extent on other foreign elements), a 
complete transformation takes place and austenite ceases to exist, the iron 
carbide being thrown out of solution forming cementite while the free iron is 
recognised as ferrite. These two constituents, however, do not exist as separate 
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areas or masses in the steel ; instead the cementite will take up a definite amount 
of iron (or ferrite), about 6 parts to 1 of cementite, and form the constitue nt 
Imown as pearhte, which will collect in areas intermixed with the grains of the 
remaining ferrite. 

This change, however (from austenite to pearlite and ferrite), does not take 
place in a single transition ; there are several phases producing constituents 
which differ in their properties very considerably. The most important of 
these phases are (1) the formation of martensite, which is very hard, followed by 
(2) a change from martensite into troostite, a softer constituent, and then (3) a 
change of a different character but of considerable practical importance from 
troostite into sorbite. 

As will be explained later, these changes during cooling are not sharply 
defined and do not occur suddenly, for, as might be expected, there are inter- 
mediate stages where two or even three phases appear to overlap and their 
respective constituents are present at one and the same time. 

Critical Ranges. — In most commercial work the steel which has to be 
heat treated may be considered to be in a normal state and the various 
properties that have to be conferred upon it are obtained by heating it and 
then fixing it in the desired condition by rapid cooling or otherwise. It is 
therefore essential that the changes which occur during heating should be known 
and well understood, because they form the basis of this important subject. 

These changes occur or commence at temperatures known as “ Critical 
points ” or “ Critical ranges ” and are denoted by the letter A followed by 
the small letter c (‘‘ chauffage,’’ French for “ heating '’), or when obtained 
during cooling by the letter r (‘‘ refroidissement,’’ or “ cooling ’’). The first 
change that takes place is numbered 1, the others 2 and 3. Thus the first 
critical range passed during heating is denoted by Acl, the next Ac2, and 
so on. 

Associated with these changes there are certain physical manifestations 
such as the emission or absorption of heat, loss of magnetic properties, and 
sudden changes in the electrical resistance. Thus the study of one or more 
of these properties during the heating and cooling of a piece of iron or steel, 
will reveal when these changes occur and also their extent. 

The most usual -method for ascertaining the position of these change points 
consists simply of recording the temperature, at regular intervals of time, of 
the iron or steel imder examination while it is being gradually and uniformly 
heated, and also while it is cooling under natural conditions. The measure- 
ments, when plotted as a graph with time as abscissa, form curves which are 
referred to as “ decalescence curves ” or “ recalescence curves ” according to 
whether they represent the changes during heating or cooling respectively. 

Recalescence Curves. — ^It is not proposed to enter into a discussion 
of the various methods by which these curves are obtained, but for most steels 
the following simple method will give satisfactory results. A thermo-electric 
couple consisting of two wires, one of platinum and the other of an alloy such as 
platinum-rhodium, is inserted into a hole in the specimen of steel which is heated 
gradually and at an even rate in a small gas-fired or electrically-heated muffle 
furnace (preferably the latter). The thermo-couple should be connected to a 
sensitive indicator, miUivoltmeter or galvanometer which has already been 
calibrated for the range of temperature worked. Readings of the temperature 
of the steel sample are then taken at intervals of a minute or haff a minute 
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(or more often in the region of the critical range temperatures), and a graph is 
drawn up for the heating curve. The furnace is then allowed to cool and a 
corresponding curve is obtained showing the cooling of the steel. 

Self-recording instruments are useful for critical range determinations, but 
are limited to the medium carbon and high carbon steels, and to some of the 
alloy steels, because as a rule they are not sensitive enough to record the change 
points of low carbon steels. A useful and rehable type of pyrometer having 
a very open scale is the resistance pyrometer working in conjunction with 



Fig. 68. — Time -Temperature Curves. Heating and cooling of Pure Iron (Goerens). 

Callendar’s Electric Recorder.* This type is accurate and is easily checked 
and, for commercial purposes, is very serviceable. 

The curves obtained by the above procedure will be found lo be discontinuous 
or broken by kinks, and it is these breaks that give the information desired. 
The curve Pig. 68 shows the heating and cooling of pure iron. Prom this it will 
be seen that at certain temperatures in the heating curve two breaks occur 
w^hich, if studied, indicate that actual heat absorption has taken place and the 
rise in temperature has been arrested in consequence. During the cooling, 
similar breaks occur which indicate that heat has been evolved preventing the 
specimen cooling at the same rate as that immediately preceding this break. 

♦ Made by the Cambridge and Paul Instrument Co., Limited 
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Change Points in Pure Iron, — ^For practical purposes it may be stated 
that these breaks in the heating and cooling correspond to actual changes ii 
the iron, and it is generally accepted now that these changes are of an aUo- 
tropic nature, which accounts for the heat disturbances that take place, a 
phenomenon usually associated with aUotropic changes. 

The curve Fig. 68 therefore shows that pure iron undergoes two changes 
during heating and exists in three aUotropic states which are usuaUy denoted 
as the Alpha,” “ Beta,” and “ Gamma ” states. In the normal state, iron 
exists as Alpha iron, but on heating it passes into Beta iron, and then eventuaUy 
into Gamma iron, each change being accompanied by an absorption of heat. 
Similarly during cooling the Gamma iron passes back into Beta iron and thence 
into Alpha iron, the changes being in the reverse direction and giving rise 
therefore to an emission of heat. 

These changes during cooling are known as recalescence ” points and 
those during heating as “ decalescence ” points. They also correspond to the 
points known as the Ac2, Ac3, Ar2, and Ar3 explained below. 

Change Points in Steel, — ^The addition of carbon to the iron to form 
steel brings in another change point, which occurs somewhere in the region of 
725° C. in commercial steels, and it is this point that corresponds to the change 
from pearhte into austenite, i,e, when the constituents cementite and ferrite 
go into solution and which, like other solids, absorb heat in the process (latent 
heat of fusion). 

Thus in a low carbon steel there are three critical change points, which, 
during heating, are referred to as the Acl due to the change into the solid 
solution austenite, the Ac2 due to an aUotropic change of the Alpha iron 
itseK into Beta iron, and then the Ac3 point due to another aUotropic change 
from Beta iron into Gamma iron. These are decalescence points. During 
cooUng the same changes take place, but in the reverse order and direction 
and, owing to the emission of heat, are recalescence points. 

It is important to note that the changes do not occur at the same temper- 
atures on both heating and cooling curves, but that the recalescence points 
(cooling) are always lower than the decalescence points (heating). This is due 
to an effect similar to hysteresis, but this need not be discussed here having 
httle practical bearing on the subject.* With aUoy steels this effect is 
increased and therefore becomes important. 

It should be clearly understood, however, that steel must be heated to 
above the decalescence point to effect the change required. It is quite a common 
error, having determined the recalescence points of a steel (^.e. the cooling 
curve), to work entirely to these points without reference to the decalescence 
points, which may be much higher and which must be reached before the 
change can take place. 

Now the comparison of recalescence curves for steel of different carbon 
contents wiU show that a low carbon steel (0'2 per cent.) has three change 
points, but when the carbon is increased only two such points are found on 

This statement, of course, does not apply to the high carbon steels such as tool 
steel, but such steels do not come under consideration in this book. With tool steels 
it is advisable, after heating to above the critical range (Acl), to quench at a temperature 
below this but above the Arl point. Such a proceeding is not a commercial one and 
in most cases is quite unnecessary with the ordinary classes of steel used in constructional 
work. 
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the recalescence curve. As the carbon content increases, the upper point 
gradually falls until at about 0*85 carbon there is only one point observed. 
A series of recalescence curves * for steels of different carbon content are 
given (see Kg. 69). 

These curves have been obtained by another method based on the different 
rate of cooling between the steel specimen and a neutral body, both in the 
same furnace. The results, which were obtained by Carpenter and Keeling, 
have been replotted by Rosenhain according to his derived differential method. 

It is evident that the amount of carbon in the steel is a most important 
factor. and that it influences the position, and number, of the change points 
in a manner that requires careful attention. The connection between the 
carbon content in the steel and the position of tiie critical ranges, has been the 



Fig. 69. — Cooling Curves for different Carbon Steels showing Change Points. This series 
of curves shows how the critical range diagram Fig. 70 is obtained. 


subject of much research and, as a result, equilibrium diagrams, of which 
Fig. 70 is a portion, have been developed. 

For practical convenience the diagram Fig. 70 shows the approximate 
temperatures at which the changes take place during the heating of the steel. 
This is important, because in most heat treatment processes it is necessary to 
heat the steel to temperature above the upper critical range (Ac3) before 
cooling. 

Cooling of Steel. — Reference has been made to the fact that steel 
when cooling from the liquid state freezes as a solid solution known as 
austenite, which consists of carbon (or iron carbide) dissolved in iron. This 
iron is in the “ Gamma state. 

Consider now the effect of cooling a piece of mild steel having a carbon 
content of 0*2 per cent., from a temperature above the upper critical range 
A/*3. 

Tlie diagram Fig. 71 will now be referred to, m conjunction with the critical 

* Plotted from data of Carpenter and Keeling (Rosenhain). 
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range diagram Pig. 70, to explain further the nature of the changes during 
coohng. 

No change takes place in the austenite (except diffusion and crystallisation 
phenomena) until the Ar3 point is reached and then ferrite (iron) is set free 
in an amount, gradually increasiug as the temperature falls. This continues 
until the temperature corresponds to the Arl point (see both diagrams), when 
the remaming austenite (solid solution) freezes and, in doing so, behaves as 
an eutectoid : the iron carbide (cementite) separatmg from the iron, but 



FiGf. 70. — Critical Range Diagram. Carbon steels, showing relation of critical change 
points during heating and the carbon content of the steel. 

forming with it the constituent known as pearlite. This new constituent is 
recognised by its regular and laminated structure, which consists of thin plates 
or laminae of iron carbide and iron alternately arranged. Purther cooling 
produces no other changes of a radical character although, as wiU be explained 
later, there are several phases before the pearlite assumes its final structure as 
described. 

During the cooling from the Ar3 point to the Arl point the iron, which has 
been set free from the solid solution as free ferrite, also imdergoes certain 
changes, which have been described under Change Points in Pure Iron ” 
(see also Pig. 68). At the Ar3 point and just below it the iron, which was in 
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Liquid Steel.- 


Austenite 
Solid Solution 
ofOerbon and\ 
Iron. 


the Gamma state in solution, is set free as Beta iron and remains as such 
until the Ar2 is reached, when it changes into Alpha iron. Below the Ar2 
point the iron as it is set free changes presumably from the Gamma 

condition into the Beta and then immediately 
into the Alpha state and remains as such 
down to normal temperatures. The Ar2 point 
is not shown in Fig. 71, which is drawn simply 
to show the setting free of the ferrite from 
the solid solution as it cools down to its 
freezing point (Arl ). The diagram Fig. 70, 
however, show^s the position of this point but 
during heating and not during cooling. 

Relation between Carbon and the 
Critical Ranges. — So far only mild steel of 
low^ carbon content has been considered,' and 
the effect of increasing the carbon must now 
be considered. 

Since the carbon combines with the iron 
to form iron carbide (cementite) it is evident 
that as the jjercentage of carbon increases so 
the amount of cementite will increase. Fur- 
ther, as the cementite takes up a definite 
proportion of iron to form pearlite it is clear 
that the proportion of the latter w ill increase 
also. Thus the micro-examination of an 
annealed steel wdll reveal approximately the 
amount of carbon it contains because this 
is proportionate to the amount of pearlite 
present. 

Now, if steels of different carbon contents are examined (while in the 
annealed or normal state, see Figs. 72 to 76), it] w ill be found when the per- 


Peurlite. 



Solidification 

Point. 


.Qbange Point. 

% 


Change Point. 


Ferr ite. 

(Iron) 


Fig. 71. — Dicigram showing effect 
of cooling Steel of about 0*2 per 
cent. Carbon. The change from 
austenite into pearlite is shown, 
together with the gradual sepa- 
ration of the free ferrite. 




Fig. 72. — Steel containing 0*15 per 
cent. Carbon. Magnification 150 
diameters. 


Fig. 73. — Steel containing 0*40 per 
cent. Carbon. Magnification 150 
diameters. 


ceritage of carbon is between 0*8 and 0*9 per cent, that the dark areas corre- 
sponding to pearlite completely occupy the whole mass of the steel, or in 
other words, the steel is composed of pearlite only, no ferrite or other constituent 
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Fig. 74. — Steel containing 0*60 per 
cent. Carbon. Magnification 150 
diameters. 


being present. Any further increase in the carbon simply results in the forma- 
tion of ‘‘ free cementite ” because there is no more ferrite for it to take up 
to form pearhte. This free cementite is seen 
in Fig. 76 forming the boundaries of the 
crystal grains and also as needles in the 
grains themselves. 

Now pearlite is an eutectoid mixture, 
i,e, one that has the lowest transformation 
point, and is therefore, when in the form 
of austenite at the Arl point, a saturated 
solution.* That this must be so is clearly 
shown by the fact that any excess of iron 
in a weak solution is thrown out as ferrite, 
and any excess of iron carbide in a strong 
solution is thrown out as free cementite. 

Thus a steel which is whoUy pearlitic 
(containing no free ferrite or free cemen- 
tite) is often referred to as a saturated ” 
steel. 

The exact percentage of carbon required 
to produce a eutectoid steel cannot be 
stated with accuracy, nor is it necessary 
from a practical standpoint seeing that 
steels are never pure but contain manganese 
and other elements which tend to disturb 
the proportions of the eutectoid mixture. 

Some authorities assume the percentage of 
carbon in pearlite to be 0*9 per cent, while 
others take a lower value such as 0*83 per 
cent. Probably the best figure is 0*85 per 
cent., and without going further into the 
discussion of this point, this figure has been 
adopted as the basis for the curve Fig. 70, 
showing the relation between the carbon 
content of a steel and the critical points or 
ranges. 

Referring to this curve it will be seen 
at once that the temperature at which the 
different changes take place is dependent 
on the carbon content. Further, it will be 
noted when the carbon content reaches 



Fig. 75. — Steel containing 0*70 per 
cent. Carbon. Magnification 150 
diameters. 



Fig. 76. — Steel containing 1*20 per 
cent. Carbon. Magnification 150 
diameters. 


* The use of the expressions “ saturated ” 

‘ ‘ imsaturated, ’ ’ and ‘ ‘ supersaturated, ’ ’ should 
be avoided as they are misleading. Really all 
steels are saturated at some temperature or 

other, but in the case of a steel of Eutectoid composition the saturation temperature 
is at the A1 point. Above this point the steel clearly is undersaturated. These 
expressions, however, have been made use of in so many text-books, and have 
been found so convenient to describe the behaviour of the solid solution, that it is 
difficult to eliminate them completely in such a contracted account as this of the 
changes in steel. 
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about 0*35 per cent, that the Ac2 and the Ac3 points occur together at the 
same temperature, about 765° C. 

Again, at the saturation point 0*85 per cent, carbon, all three changes occur 
at once at the^temperature of 725° C. Continuing, therefore, with the study 
of the cooling effects in steel but taking into account different percentages of 
carbon, a steel containing approximately 0*35 per cent, of carbon will now be 
considered. In this instance a much lower temperature (about 750° C.) 
than in the case of the 0*2 per cent, carbon steel is reached before the iron 
commences to separate from the solid solution austenite, and further, this iron 
assumes the Alpha condition, passing, no doubt, very quickly through the 
Beta state in the change. Thus it would appear that the two changes (Ar3 
and Ar2^ that take place separately in the lower carbon steels, occur simul- 
taneously in the 0*35 per cent, carbon steel. 

Further cooling produces, as in the case of “ 0*20 steel ’’ the setting free of 
the iron until at the Arl point the solid solution freezes and pearlite is formed. 
In this steel, therefore, and in others containing more than 0*35 per cent., and 
less than 0*85 per cent, of carbon, there are only two change points : the 
upper one being designated the Ar2-3 point, and the lower one the Arl 
point. 

If the cooling of a steel containing 0*85 per cent, of carbon is considered 
it will be realised that, as this corresponds to the saturation percentage, no 
iron will be set free as ferrite and the whole mass of the steel which is now an 
eutectoid mixture will freeze at the same temperature, which is approximately 
700° C. This is shown in the critical range diagram Fig. 70 (on heating) at 
about 725° C. This point is referred to as the Arl-2-3 point because it is 
believed that the kon, which forms part of the constituent pearlite, does pass 
through the Beta phase in the change from the Gamma to the Alpha condition, 
but that the changes are so rapid as to appear as one single change. Thus 
when the steel reaches the Arl-2-3 point it is converted completely into 
pearlite and there is no free ferrite present. 

When the carbon in a steel exceeds 0*85 per cent, a new set of conditions 
comes into being. Such a steel may be considered as supersaturated and the 
solid solution behaves like other supersaturated solutions when cooling by 
throwing out that cementite which is m excess of the solvent power of the 
iron at the selected temperature. Thus steel containing 1*2 per cent, carbon 
will, when cooling, commence rejecting free cementite at some definite temper- 
ature (approx. 830° C.). This point is known as the Acm point (see Fig. 70). 
Further cooling causes more and more cementite to be thrown out of solution 
until the Arl-^3 point is reached, and then the austenite changes into pearlite 
m exactly the same manner as a saturated steel. The structure will consist of 
pearlite grains surrounded with a network of free cementite and possibly 
needles of this constituent running through the pearlite grains (see Fig. 76). 

The Transitional Constituents.— In the change from austenite to 
pearlite there are several intermediate phases and for convenience each 
condition of the constituents has been named. Thus the first phase produces 
Martensite,’’ which changes next into “ Troostite.’’ These two phases are 
fairly definite and under the microscope are clearly and easily distinguished. 
A further change takes place : Troostite into Sorbite, but this is less definite 
and of a different character. 

Now these transitional constituents, as they are called, are of great 
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importance in the heat treatment of steel. The presence of one or other of 
them in the finally treated steel gives the steel certain physical properties. 
Hence their position in relation to one another, their properties when retauicd 
in the cooled steel, and the nianner in which their presence is secured, are all 
factors of the utmost practical importance. 

The -following diagram,* Fig. 77, is helpful in forming a rough mental 
picture of what happens when a medium carbon steel cools from a temperature 
above the Ar2-3 critical range. Referring to this, it wiU be seen that there 
are five constituents, and that the 


changes are : (1) austenite-marten- 
site, (2) martensite-troostite, (3) 
troostite-sorbite, and finally, sorbite- 
pearlite. These constituents are 
described in the early part of this 
chapter. 

The rate of cooling determines 
which of these constituents will be 
retained in the steeL Very rapid 
cooling obtained by quenching a thin 
piece in water or brine will arrest 
the steel in the martensite phase, or 
perhaps just at the changing point : 
martensite-troostite, in which case 
troostite also will exist in the steel. 

Slower cooling will allow the steel 
to pass through these phases before 
it is finally arrested, and sorbite may 
be the constituent found in the steel. 



Still slower cooling may allow the Fig. 77.— Diagram showing the Principal 
steel to pass through all the changes Constituents formed during cooling of 
into pearhte. cent. Carbon Steel from a high 

The change from austenite to mar- temperature, 
tensite is extremely rapid in carbon 

steels, and even with the most rapid cooling {e.g, in liquid air) only a small 
amount of austenite is retained. The addition of certain “ alloy metals,’’ 
such as nickel and manganese, however, appears to lower the critical range 
and to retard the changes, and with such steels an austenitic structure can be 
obtained by ordinary quenching methods. 

The changes referred to above are explained further in their connection 
with the practical heat treatment of steel in Chapter X. 

Referring again to the critical range diagram. Fig. 70, the changes that 
occur in steel containing about 0*85 per cent, carbon, when cooling, are really 
austenite-martensite, martensite-troostite, troostite-sorbite, and sorbite-pearlite, 
but the duration of the changes is so brief that it practically amounts to a 
single change : austenite into pearlite. This explanation also apphes to the 
merging of the Ar2 and Ar3 points correspondhig to 0*35 per cent, carbon. 


* This diagram is not strictly correct, but in view of the uncertain knowledge 
regarding these changes, it forms a very convenient way for obtaining a rough and 
practical notion of the behaviour of steel during cooling. The authors realise that this 
method of presenting the subject is open to criticism. 
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From the above it will now be clear why the constituents, martensite and 
troostite, are referred to as transitional ones. 

Heating of Steel. — ^The changes that take place in steel during cooling 
also take place during heating, but in the reverse order and at higher temper- 
atures. Thus the Ac points are higher than the corresponding Ar points. 
In a low carbon steel the pearlite will begin to change into austenite (solid 
solution) at the Acl point (approx. 720° C.), and as the temperature is raised 
this solution will absorb ferrite until at the Ac3 point the whole mass will be a 
solid solution. The allotropic changes in the iron will occur also, the first from 
Alpha to Beta iron at the Ac2 point, and the second from Beta to Gamma 
iron at the Ac3 point (see Figs. 68 and 70). 

Crystal Grain Size in Steel. — ^Although- the solid solution austenite 
does not change in character as the temperature is raised progressively from 



Fig. 78. — Diagram showing effect of High Temperatures on the size of the Crystal Grains. 

Also the influence of Work (forging) in tending to reduce their size (Sauveur). 

the Ac3 change point, it gradually increases in grain size, a process which is 
non-reversible, for on cooling the grain size does not decrease. The above 
diagram, Fig. 78, is intended to show the effects produced by heating the 
steel to progressively higher temperatures, T, T, etc. As the temperature is 
raised the average size of grains increases and, to make this clear, this is 
represented by the thick line at the foot of each separate diagram, a, h, c, and rf. 
The remaining portions of the diagram are referred to in the paragraph ‘‘ Effect 
of Working.” 

This increase in the grain size is also dependent on the length of time the 
steel is maintained at the high temperature, larger and stiU larger grains 
being formed as the time is prolonged. 

lYom the practical standpoint therefore, the result of high temperatures 
and prolonged heating above the Ac3 range is the production of a coarse ciystal- 
line structure, which is extremely weak dynamically, being unable to resist 
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sudden shocks or even to withstand continuous vibration or successions of 
small impacts. 

It is important therefore that the temperature should not be allowed to 
rise much above the Ac3 range and thus allow'^ the grain size to increase. 

At veiy high temperatures approaching the fusion point of the steel, another 
trouble is liable to occur, and that is oxidation in the interior of the steel, 
and the formation of so-called oxide inclusions or fihns between the ciystal 
grains, which at once render the steel unfit for service. Such steel is generally 
referred to as “ burnt.” 

Diffusion. — ^Next in importance to grain size is the equalisation of the 
masses of the different constituents, or in other words the complete uniformity 
of their distribution. This depends on diffusion, which can only take place 
while the steel is in a state of sohd solution. 

In a low carbon or medium carbon steel, the ferrite above the Ac3 range is 
completely absorbed by the sohd solution, but althxm^h the absorption is complete, 
it does not follow that the diffusion is complete, or that the constituents are uni- 
formly distributed. This will be understood more clearly if the solvent action 
of water on a grain of salt or sugar is considered. Although the salt or sugar 
is dissolved in the water, it is only the water in the immediate vicinity of the 
salt or sugar that dissolves it, and not the entire mass of the w^ater. EventuaUv, 
of course, the rich solution is weakened, the salt or sugar gradually diffusing 
through the mass of the liquid until it is uniform in composition. 

In steel the diffusion commences as soon as the constituents pearlite, 
ferrite, or cementite go into solution, i.c. the Acl range and continues through 
the different ranges. Thus, given sufficient time, diffusion can be completed 
before the Ac3 range is reached. In practice, however, the diffusion takes 
place very slowly below the Ac3 range, and it is generally advisable to heat the 
steel to above this range, when diffusion takes place more rapidly. Apparently 
the rate of diffusion increases very rapidly with further increases in temperature, 
and it may be advisable, in spite of the growing of the grains, actually to heat 
a steel well above the upper critical range Ac3, in order to facilitate the diffusion, 
and then, after cooling, again to heat it to just above this range so as to restore 
the grain size to the small dimensions so desirable in steel. 

The importance of diffusion may be reahsed in the case of rolled bar and 
forgings, or steel which has been subjected to severe mechamcal working — or 
in those cases where it has been seriously overheated. The structure may then 
be in the form of bands or streaks running in the direction of rolling or working 
as shown in Eig. 79. Here the effect of proper treatment is to remove this 
form of structure and to produce one of greater uniformity — due to diffusion. 

BuUens * sums up the slowness of diffusion in the following words : “ It 
seems that the greater the internal stress upon the steel the greater is the amoimt 
of intermolecular lag or final release of this stress behind the actual change of 
constituents. That is, even though a totally new structure may be set up 
by the annealing heat, there remains for a considerable length of time a tendency 
for the new structure to return, upon slow cooling, to the stressed condition 
of the original, even though the constituents themselves may be those bom at 
the new temperature.” 

Effect of Working . — ^The hot rolling, forging, and stamping of steel 
has an important bearing on the grain size m so far that work of this kind 

♦ “ Steel and its Heat Treatment,” by Denison K. BuUens. 
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tends^ to break up the grains and to produce a finer structure. But as soon as 
the working is stopped, the grains will commence growing and their size ^vill 
depend on the temperature at which the working is stopped, and on the length 
of time the steel takes to cool down to the critical range. 

The temperature at which w’ orking is stopped is usually referred to as the 
“ finishing ’’ temperature and, as wiU be seen, this temperature is very im- 
portant. 

Referring again to Fig. 78, it will be noted that the range over which the 
steel is being worked is represented by the upper closely shaded portion in e, /, 
and g. Although the steel has been heated to the initial temperature T in each 
case, work has been ‘‘ put ’’ into it until it has cooled to the finishing tempera- 
tures F, md in consequence the grain size is only that which can form at these 



Fig. 79. — ^Micrograph showing Banded Structure in Boiled Steel, i.e. lack of diffusion, the 
ferrite running in broad bands in the direction of rolling. Magnification 100 
diameters, etched with picric acid. 


finishing temperatures and during cooling. From this it is clear that by 
continuing the working until the steel has nearly cooled to the critical range 
the smallest size of grain will be obtained. Steel, however,' at these lower 
temperatures, just above the critical ranges, is not suflaciently plastic for rolling 
and forging, etc., and in consequence the finishing temperature wili always be a 
little above this point, and because of this there must always be a range of 
temperature in which the ^ains will grow in size. Hence, most forgings, 
stampings, and rolled bar will be found crystalline and more or less coarse- 
grained. 

The degree of grain size can, however, be kept within reasonable limits by 
selecting a temperature to which the steel is initially heated, and which gives 
sufficient time during the cooling to allow the forging to be completed, before 
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the steel is too cool for working or so hot as to produce a coarse-grained 
structure. 

A further improvement can be effected by working the steel very lightly 
right down to the upper critical range, and even below it in the case, of low and 
medium carbon steels. 

This will produce the maximum fineness of grain and will also have the 
effect of preventing the free ferrite, which separates from the solid solution, 
forming into large masses. No further improvement can be effected below the 
bottom critical range. When the working is continued to temperatures below 
the critical range, the gram size may be reduced to its minimum, but there will 
be a tendency to produce distortion of the grams. This distortion will not be 
serious at temperatures within the vicinity of the critical ranges, but will be 
quite appreciable at lower temperatures, as is shown in bars which have been 
roUed or drawn while cold. 

The control of the finishing temperature is not easy m the case of large 
masses of steel, because the interior of the mass must always be hotter than the 
outside. Hence, the stmcture at the centre will be coarser. It will be evident, 
however, that working the whole mass as much as possible before the outside 
is too cool w^ill have a greater refining effect on the structure than mere heat 
treatment alone, for without this working, the interior will develop a larger 
grain size because of its much slower cooHng. In fact, when large masses are 
imder consideration, it will be better to refine them by working rather than by 
heat treatment alone. The rate of cooling in large pieces is so slow that 
ordinary methods of heat treatment are often of little use. 

Cold Working, — ^The annealing or treatment for correcting the effects 
produced by cold working, such as rolling, drawing, or press work, is one that 
must be considered apart from that which governs the grain size in a steel 
that has been heated above the critical range. 

In Chapter VII. reference is made to Beilby’s theory of grain deformation 
that takes place during cold working, and according to this the grains tend to, 
or actually do, split along their cleavage planes, and slipping takes place with 
the formation of amorphous material at the slipping surfaces. Thus the 
grains break up into pieces and these become smaller still as the deformation 
increases. This breaking up, of course, takes place below the recrystalhsation 
temperature, and the term ‘‘ cold work ” only applies to the working of metals 
and alloys at temperatures below this point. 

The annealing or recrystallisation process after deformation is governed 
by a series of laws which have been very clearly defined by Zay Jefferies,* and 
which will be stated later. For the present the behaviour of a piece of 
deformed metal when heated should be noted. At a certain temperature the 
distorted grains, which are said to be strain-hardened, break up and form 
normal-shaped grains which may or may not be smaller than the original 
grains. If the temperature is raised grain growth occurs, some grains growing 
at the expense of others, and, in most cases with time, this will continue and 
what is known as exaggerated grain growth will take place. 

The temperature at which the distorted grains assume normal shapes is 
referred to as the recrystalhsation temperature, but this is not a fixed tempera- 
ture. In most of the common metals the lowest recrystalhsation temperature 
occurs at about 40 per cent, of the melting-point expressed in absolute 

* Zay Jefferies, D.Sc. Inst, of Metals, Sept. 11, 1918. 
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temperature. Thus the melting-point of iron is about 1700° C. (abs.), and its 
lowest recrystalhsation temperature is about 750° C. (abs.), or approximately 
44 per cent, of its absolute melting tem^rature. The actual recrystalhsation 
temperature depends on the previous treatment of the metal and also on time. 
In general this temperature becomes lower — 

(1) as the amount of cold work or deformation increases ; 

(2) as, the temperature at which the cold work is conducted is lowered ; 

(3) as the time of heating at the annealing temperature is increased ; 

(4) as_the original grain size before deformation decreases. 

It is ne^sary, therefore, to determme what the correct annealing temper- 
ature is. for any given set of conditions. This, however, is not all that has to 
be considered, because, as stated above, there is the phenomenon of grain 
growth to take into account. It is clear that if the grains are to increase in 
size there must be ^ reduction in their number, and that consequently some 
grains must grow at the expense of others. This condition at once indicates 
lack of equihbrium in the internal forces between the different grains or their 
constituent molecules. That such a condition will often be found in practice 
is easy to understand, e.g. the cold rolling of sheet metal will strain the outer 
layers more than the inner portion, and as a result some grains will be strained 
more than others. The more strained grains will possess a lower recrystal- 
lisation temperature, and they in consequence will actually attack and absorb 
those which have been strained to a less degree. 

This effect might be termed “ strain gradient.” 

In the same manner, a gradient in temperature w ill produce grain growth, 
as many grains will attain their recrystallisation temperature before the others 
and thus absorb them. Unequal heating will produce this effect. 

The above statements show that all the conditions which lead to lack of 
uniformity in the operations previous to annealing have an important bearing 
on the results obtained at any given temperature. 

The general laws relating to grain growth are summarised as follows, the 
basis being those expressed by Zay Jefferies in his excellent paper, to which 
reference has already been made : — 

(1) The attacking power of a grain increases directly with its size, i,e, a 
large grain has a greater absorptive power than a smaU one. Conversely, a 
small grain has both sUght power of attack and slight power of resistance to 
absorption. Contrast therefore in grain size will favour grain growth. 

(2) Velocity of grain growth increases as the temperature increases. This, 
of course, only apphes to temperatures above the recrystalhsation temperature. 

(3) A grain which has been deformed by cold work (i.e below the recrystal- 
lisation temperature) does not act as a unit as regards growth, but instead acts 
as if it had been broken into pieces smaller than the initial grain, and these 
become stiU smaller as the degree of deformation increases. They also become 
smaller as the temperature of deformation is low^ered, and also as the size of 
the initial grain is smaller. 

(4) Two small adjacent grains or adjacent pieces of a deformed grain may 
not in a given time and at a given temperature be able to coalesce to form one 
larger grain, but may both be absorbed at the same temperature and in the 
same time by an adjacent grain larger than themselves. 

(5) The drforming of a metal by a process such as cold rolling produces 
different degrees of strain in different parts of the mrfal. The surfaces in 
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contact with the rolls receive more deformation than the interior. Even 
under equal stress conditions a strain gradient can be produced, due to the 
directional properties of the grains. The orientation of the grains may be 
such that some may lie in a direction parallel to the direction of the stress, 
and this may coincide with their direction of least resistance to deformation. 
.Thus, according to the position of each individual grain, so the amount of 
deformation will vary. This condition, of course, is most marked under sHght 
stress, and becomes less and less pronounced as the stress is increased, and will 
tend to disappear when the metal is severely deformed. . 

(6) A strain gradient in the metal produces a recrystaUisation gradient, 
and this under suitable temperature conditions will produce exaggerated 
grain growth. The term “ germinative ” temperature is suggested for the 
temperature at which this exaggerated grain growth takes place. In a piece 
of metal that has been subjected to strain gradient the germinative tempera- 
ture will vary from that corresponding to the least strain down to that 
corresponding to the highest strain. If a piece of steel is heated quickly to, 
say, 650° C., recrystaUisation wiU commence in a certain zone, and if the steel 
is maintained at this temperature for some hours the grains at the boundary 
of the inert region wUl grow. It is important to realise that this growth will 
tend to take place more in the direction of the less strained portion than in 
more severely strained regions. 

The region that has not been strained so much wiU have a higher germinative 
temperature, and at 650° C. wUl therefore be inert ; but the regions on the 
opposite side of the germinative range form the growth region, and because 
of this the grains offer more resistance to absorption than those situated in 
the inert region. 

If the steel has been so severely strained by cold work that the recrystal- 
lisation temperature of aU parts occurs at approximately the same temperature, 
then it wiU not be possible to develop large grains by ordinary furnace heating. 

Under these conditions grain growth (or germination) will take place from 
many centres simultaneously, and each germinant centre or grain will find 
no inert grains to feed upon, with the result that only normal grain growth 
can proceed. 

(7) If while any marked change in grain size takes place in the metal at a 
certain temperature or within a given range, a temperature gradient also 
exists, which maintains one part of the metal above this temperature and 
other parts below, then a coarse-grained structure may be produced. A 
temperature gradient is not always sufiicient to produce exaggerated grain 
growth ; time becomes an important factor. If the heating up is conducted 
slowly or is stationary at gome certain temperature, then as those grains reach 
the germinative temperature they will commence to absorb the others that 
are still inert, e,g. a bar of steel that has been subjected to a uniform stress to 
produce a uniform strain through its cross-section will behave somewhat as 
follows when heated by a current of electricity : The centre of the bar will 
be hotter than the surface, and in consequence the grains in the interior of the 
bar will coalesce more or less rapidly, while those nearer the surface cannot 
do so owing to their lower temperature. At the boundary of the germinative 
and the inert regions absorption of the weak and inert grains wiU take place, 
and may continue until they have grown to the surface of the bar. If the 
heating is more rapid then the region in which germination takes place will 
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be wider and the grains will be about the same size, because they have been 
produced under substantially the same conditions, but again at the boundary 
of the inert region grain absorption will tend to take place. 

Even then those grains that reach their germinative temperature first 
wiQ, after attaining a size considerably larger than the others, attack and 
absorb them, so that, given time, the first germinative grains finally absorb all . 
other grains. 

Now, on the other hand, if the bar is raised to a temperature which will 
permit growth to proceed simultaneously at all parts a fine grain structure 
will result, even though the temperature gradient may have been so much 
greater. 

> (8) The higher the germinative temperature the more quickly will large 
grains develop, and usually the grains.wdll be larger as the germinative tempera- 
ture increases. The germinative temperature can be raised artificially by 
adding non-metallic matter to the steel, such as slag, which tends to obstruct 
grain growiih ; but when the higher germinative temperature is reached the 
growth is much more rapid, and the grains are larger than would be the case 
at the true germinative temperature. 

(9) Initially fine grains or small grain fragments favour exaggerated 
grain growth at the germinative temperature. This only applies in so far as 
it does not oppose the conditions set up under (8). If the fine grains are the 
cause of lowering the germinative temperature, then the development of 
coarse grains at the germinative temperature may be defeated. If, however, 
the grains or grain fragments at the germinative temperature are much 
smaller than the equilibrium grains at that temperature, the formation of 
coarse-grained structures wiQ be facilitated. 

A careful consideration of the above rules reveals the importance of time. 
If in the first place the steel is heated rapidly to a temperature above the 
germination temperatures of all portions of the piece (see (7)), the result will 
be much more favourable than that obtained with slow heating. 

Prolongation of the time of soaking at a temperature above the recrystal- 
lisation temperature allows those grains that germinate first to grow at the 
expense of the others, thus producing a coarse-grained structure. The time 
required for recrystallisation is less as the temperature is increased. If a 
piece of cold-rolled sheet is heated to a certain high temperature it may re- 
crystallise in ten seconds. At a lower temperature it may require ten minutes, 
while ten hours may be necessary at a still lower temperature. 

The inert grains at a given temperature are only inert for a certain time. 
Really grain growth becomes a race between the germinant grains and the 
inert grains. If the inert grains can increase their size by coalescence with 
one another before the germinant grains can absorb them, they may have won 
the race. Exaggerated grain groivth will be most pronounced under con- 
ditions in which the germinant grains possess the greatest excess of growth- 
velocity above that of the grains they feed upon. 

The effects produced by the presence of other constituents in a metal, 
or by impurities, have not been fully determined ; but it would appear that 
those elements which do not remain in solution tend to obstruct grain growth. 
In the case of steel the pearhte constituent retards the growth, and therefore 
the less carbon there is the larger wdll be the grains. For this reason the 
question of grain size is particularly important with very low carbon steels, 
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especially in the case of sheet-steel and tin-plate employed for pressings. 
Slag in steel will act in a similar manner. 


Chemical or Ultimate Composition of Steel 

The preceding pages have dealt with the proximate composition of steel, 
showing in what form the carbon exists and the various changes that can be 
obtained through heating and cooling. Chemical analysis gives little or no 
information of this character, but in the routine examination of raw steel the 
determination of the carbon content is unquestionably one of the most valuable 
of all tests. Emowing the percentage of carbon in a carbon steel, it is possible 
to specify the heat treatment that will give the desired mechanical strength. 
Further, assuming that an incorrect steel has been received, the carbon content 
at once establishes this fact and at the same time definitely settles the question 
as to whether it could be heat treated to meet the requirements. 

The determination of nickel, chromium, or other strong controlling con- 
stituents in alloy steels is valuable on account of the fact that micro-examination 
of such steels gives a very poor idea as to the proportion of these constituents 
present. 

Further, the necessity for specifying the chemical composition of steel for 
a particular purpose necessitates the analysis of such steels. Also the presence 
of impurities calls for a thorough analysis or, at any rate, a statement specifying 
the maximum permissible limi ts. 

Nominally, steel is an alloy of iron and carbon, but commercially it contains 
small quantities of other elements of which the chief are : (1) Manganese, 
(2) Phosphorus, (3) Sulphur, (4) Silicon, (5) Slag. 

Iron. — ^Although iron is the main constituent of steel, its properties are so 
much altered by the carbon present that any knowledge of the behaviour of 
the pure metal is of little help except when considering very mild steels. It 
then gives the steel the soft and ductile properties whick are normal to it. It 
is recognised under the microscope as ferrite. 

Carbon. — ^This element exists in aU steels and irons, and can only with 
great difficulty be removed from the iron. A large proportion is derived 
from the iron (usually pig iron) used for steel making, but the correct amount 
required in the steel is made up generally by adding it in sqme form such as 
carbon-rich iron. 

In low and medium carbon steels the carbon always existe as a chemical 
compound known as iron carbide (FegC), called cementite, which, as explained 
in the preceding pages, may take up different states known as austenite, 
martensite, troostite, sorbite, and pearlite, all possessing different properties 
and conferring these properties on the steel in a degree depending on the amount 
of carbon present. 

In high carbon steels, however, containing more than 0*9 i)er cent, carbon, 
some may exist as graphite, especially if the amount of silicon is high, but 
more usually it forms the compound iron carbide (cementite), a portion of 
which exists in the free state. 

Manganese. — ^Manganese is added to steel during the making to assist 
in removing some of the impurities (sulphur), and is, therefore, always foimd 
in some proportion in the finished st^l. 

Manganese readily combines with sulphur, forming manganese sulphide 
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(MnS), and will, in good steel, take up all the sulphur (up to about 0*05 per cent.). 
To do this it should not be less than 0*25 per cent, of the total steel. In this 
respect it fulfils a useful function,, reducing the disastrous effect of sulphur in 
the form of iron sulphide, owing to its greater affinity than iron for sulphur. 
The manganese not used in this manner tends to combine with carbon forming 
manganese carbide (MnCs), and this associates w ith the iron carbide (cementite) 
and increases the tensile strength in treated steels. This increase amounts to 
about 0*75 ton per square inch for each 0*1 per cent, of manganese up to 
about 2*0 per cent., and appears to be due to a retarding influence on the change 
irom ajustenite into martensite. It lowers the critical range Ac3, by about 
3° C. for each 0*1 pei cent, present, and therefore must be taken into account 
when determining heat treatments, especially with steels containing about 
1*0 per cent. Generally speaking manganese makes the steel more sensitive to 
drastic quenching and may cause cracking to occur, particularly if the carbon 
content is high. Steel containing 0*9 or 1 per cent, carbon and 1 per cent, 
manganese is very liable to crack during water quenching, and even if the 
carbon is much lower there is stiU some risk, while with 1*5 per cent, 
manganese it is almost certain to fail. With tool steels the manganese should 
not be more than 0*4 per cent. Slower cooling can be adopted with safety, 
but even without quenching there are limits, w hich may be taken as 1 per cent, 
carbon and 2 per cent, manganese. 

The importance of this cracking difficulty appears when mild steel is case- 
hardened (see Chapter XIII.). The carbon in the “ case ” may range from 0*9 
to 1*4 per cent, and will, therefore, behave like tool steel and crack during or 
after quenching in water should the manganese exceed 1 per cent. For this 
reason case-hardening steel should have a low manganese content, and in 
America this appears to be limited to about 0*35 or 0*4 per cent., but in 
England it usually ranges from 0*7 to 0*9 per cent, w ith the object of increasing 
the toughness of the core. These high values are, however, risky and will 
often lead to cracking in intricate parts wdth sharp angles, comers, etc. 

Manganese is added in larger amounts to produce manganese steels, and 
owing to the gradual lowering of the critical ranges that results it is possible to 
produce a steel which is austenitic at ordinary temperatures and is therefore 
always hard. Such steels, however, are discussed under “ Alloy Steels/" 
Chapter XII., to which reference should be made. 

Phosphorus. — ^Phosphorus is introduced in the steel from the iron which, 
in turn, receives it from the charge in the blast furnace. In the “ acid 
process of steel making the whole of the phosphorus remains in the steel, 
which fact necessitates employing low phosphorus irons. With the “ basic 
process, irons and scrap richer in phosphoms can be used, because a large 
proportion of the phosphoms is removed. 

Phosphorus combines with iron, forming the chemical compound phosphide 
of iron (Fe 3 P), which in turn goes into solution in the iron (or ferrite) and 
remains in solution at ordinary temperature. It is, therefore, not visible 
under the microscope, although by using Stead’s cupric etching reagent it is 
possible to differentiate between those portions of the solution which are rich 
in “ phosphide ” and those that are poor. It does not affect the crystaUine 
form of the ferrite, but has a tendency to increase the size, which tendency is 
very marked when present in quantities greater than 0*1 per cent. This 
accounts for the brittleness in steel containing much phosphoms, for, as has 
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been stated already, a coarse-grained structure is more brittle than a fine- 
grained one. Phosphorus is usually responsible for what is termed '' coM- 
shortness ” in steel. 

Those portions of the solution rich in phosphide have a tendency to exclude 
carbon and it is common to find these areas freer from the carbon constituents, 
a fact which leads to the trouble known as segregation in which the steel 
separates into large areas, some free from carbon and others rich, and this 
through the influence of rolling or forging produces strata or bands in the steel 
running in the direction of rolling or forging, the bands being alternately rich 
in phosphorus and carbon. This tendency and its effects are shown by Pig. 79. 

Good steels should not contain more than 0*05 per cent, phosphorus, but 
many steels are found to contain up to as much as 0*1 per cent, and are used 
with good results for most work. In vital parts, however, that are highly 
stressed, the amount should be kept low owing to the brittleness induced and 
the consequent low d3niamic strength which results. 

A large amount of phosphorus improves the machining quality of the steel 
and it is a common practice to use high phosphorus mild steel for bolts, studs, 
nuts, and other automatic machine work. The steel is rendered soft and cuts 
wdth great ease. In such steels the phosphorus may be found as high as 
0*16 per cent. 

Sulphur.' — ^The sulphur in steel results from the coal or coke used in the 
reduction of the iron from its ores. When charcoal is used the iron produced 
is comparatively free from sulphur, as in the case of Sw edish iron, which is 
produced in this manner. 

Sulphur combines with iron forming the chemical compound iron sulphide 
(FeS), but as manganese is added to steel to purify it and has a greater affinity 
for sulphur than iron, the compound manganese sulphide (IVfiiS) is formed 
instead, and this is w^hat is usually found in steel. This compound does not 
enter into solution and is therefore seen under the microscope as a separate 
constituent, usually in the form of globules or elongated areas (in rolled or 
forged steel). This, however, only occurs when the amount is large or when 
segregation troubles occur (see Fig. 109). In good steel the sulphur should not 
exceed 0*05 per cent., and as only about twdce this amount of manganese is 
required to combine with it the steel w^ill only contain 0*125 to 0*15 per cent, 
of manganese sulphide, an amount which has no appreciable effect on the 
properties of the metal. In such cases it exists at the bounclaries of the crystal 
grains in small particles or streaks, and only breaks the continuity of the metal 
very slightly. 

If the sulphur is high ” or there is insufficient manganese to combine 
with it, the compound iron sulphide is formed with the excess of sulphur. 
This compoimd, like manganese sulphide, is not soluble in the steel. It probably 
forms an eutectic with iron and is therefore thrown out of the crystal grains, 
but unlike manganese sulphide it tends to form continuous envelopes or 
membranes surrounding each grain of pearlite. These membranes are weak 
and brittle and impart weakness and brittleness to the metal. 

Iron sulphide having a low melting point (about 950° C.) probably produces 
the well-known red-shortness in steels containing much sulphur or too little 
manganese. At forging or higher temperatures the sulphide (or sulphide 
eutectic) melts and destroys the cohesion between the grains and cracks 
develop immediately. 
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Silicon. — ^This element enters iron and steel from many sources, such as 
the furnace linings and the blast-furnace charge. It probably combines with 
iron forming a compound, silicide of iron (FeSi), which then dissolves in the 
iron forming a solid solution, in which it remains at ordinary temperatures. 
It exists in both the free ferrite and that forming pearlite. It has no influence 
on the form of the crystal grains or apparently on their size, and does not 
affect the properties of the steel very much. For welding purposes it is 
advisable to employ only low^ silicon steel or iron, because the silicon renders 
welding more diffic^t. 

In high carbon steel it exerts some influence on the carbon, throwing it out 
of solution as graphite instead of iron carbide (cementite). This, however, 
only occurs in steel which has been annealed, i.e, slowly cooled. 

Good steels should not contain more than 0*3 per cent, silicon, but often 
quantities as high as 0*5 per cent, are found. 

Slag. — ^In good steels, slag should be entirely absent and is so except m 
the case of mild steels or mild case-hardening steels, when it may be present 
in small amount without risk. 

The composition of slag is complex, depending on the earthy matters 
associated with the original ore and on the fluxes used to reduce this matter, 
and also on the nature of the furnace linings in which, first, the iron is produced 
and then, second, the conversion of iron into steel takes place. Its composi- 
tion, however, is of small importance to the engineer, and therefore the general 
statement that slag is a mixture of phosphates and silicates of both iron and 
manganese is sufliciently accurate for the present purpose. It is more im- 
portant, how^ever, to know the form this impurity assumes. It is insoluble in 
the steel and can therefore be seen with the microscope, when it will be found 
either as irregular-shaped globules or as black streaks running in the direction of 
rolling or forging (see Figs. 105 to 107). If present in large amount this streaky 
formation will impart what appears to be a fibrous structure and fracture to 
the material. Wrought iron (puddled bar, etc.) is an example of this formation. 

The presence of slag in case-hardening steel is a source of danger in so far 
as it causes the high carbon “ case ’’ to crack or peel off. If a slag streak 
(commonly referred to as a slag inclusion) runs to the outer surface of the steel 
a flaw is formed at once and the metal will peel or break aw^ay at this point. 

Slag inclusions will often have the effect of giving a higher impact strength, 
this being due to the fact that they break the continuity of the metal (across 
the direction of rolling), and therefore the crack which starts from the surface, 
stops as soon as it runs into the slag inclusion and must either travel up the 
slag or recommence a crack on the other side of the streak, and as is weU known, 
it is more difficult to start a crack than to continue one. This effect is shown 
by Fig. 80, from which it will be reahsed that breaking a bar across the streaks 
or seams is more difficult than if it were entirely homogeneous, and further, 
that to break it along the direction of the streaks or seams wiU be less 
difficult than either of the other cases. 

Slag appears to have the property of collecting the free ferrite around it 
and, in consequence, the area surrounding a slag inclusion is usually free from 
carbon. * This, of course, produces lamination during rolling and then heightens 
the effect of the fibrous structure. 

r ♦ This in many cases is probably due to the presence of phosphorus (in solution in 
the ferrite) which throws carbon out of solution. Slag and phosphorus are often 
associated. 
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Gases. — The gases which are liberated in cast ingots of steel during cooling 
produce blowholes and cavities which may extend to some considerable depth 
in the centre of the ingot (the last portion to cool). The upper portion of the 
ingot should be cuf off to remove this spongy mass, which also contains a large 
proportion of the impurities such as sulphur and phosphorus. It sometimes 
happens, however, that a sufficient amount is not cut away, and m consequence 
the ingot is rolled down while still containing blowholes or “ pipes.” These 
are closed up during the rolling and in many cases the sides are welded together, 
but in others the cavities may contain a little iron rich in phosphides and 
sulphides, or the inside surface may be coated with oxides, either of iron or 
manganese, and in consequence the welding cannot take place. This results 
in mtemal flaws which, in the rolled billet or bar, may run for considerable 
lengths and cause disaster in parts stamped or machined from the material, 
because of the splitting or shearing apart along the flaw. 

When the cavities contain phosphides and sulphides the action of rolling 



Fig. 80. — Effect of Seams or Bands on resistance to Fracture. 

more readily along a seam than across. 



A crack will proceed 


draws these impurities into streaks or bands known as ghoSt lines, which as a 
rule are fairly free from carbon. These bands are naturally lines of weakness 
and may cause considerable trouble in machining and in the strength of the 
finished part. 

Summary. — ^From the foregoing paragraphs it will be seen that a good 
steel should contain approximately : — 

1. Carbon, 0’05 to 1*5 per cent., according to requirements. 

2. Manganese, not more than 0*4 per cent, for water quenching high- 

carbon steels (1 per cent, and above) ; not more than 0*76 per cent, for 
mild case-hardening steels ; not more than 0*5 per cent, for alloy 
case-hardening steels. 

3. Phosphorus, not more than 0*05 per cent., except when machining 
qualities are most important, when 0*1 per cent, is the maximum. 

4. Sulphur, not more than 0*05 per cent. 

5. Silicon, not more than 0*3 per cent. 
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The tfo&ble known as segregation is mainly associated with phosphorus, 
sulphur, and silicon, and accompanies the piping or blowholes formed in the 
original ingot. These, as has been explained already, may contain phosphides 
and sulphides which in the rolled material form bands or lines and which, as a 
rule, are weak in carbon. Segregation is partly caused also by the fact that 
during the solidification of the steel the crystals that form first are nearly 
pure ferrite, and as freezing proceeds the successive additions are less and 
less pure, the cswbon, phosphorus and sulphur becoming more and more 
concentrated in the still liquid portions. Thus the last portions to solidify 
are those containing most of these elements. This banded structure should 
always be looked out for, particularly in bar material. Slag, although 
helpful in some cases, is a source of trouble in many others, so also are internal 
flaws due to blowholes. All banded or laminated steels are risky for case- 
hardened parts owing to the tendency for the case to peel off. 


Alloy Steels. 

The alloy steels in general use may be considered as carbon steels to which 
certain proportions of the “ alloy ” metal have been added. It is, therefore, 
only necessary to take the carbon steel as a base and then to consider the 
effects produced by the addition of the “ alloy.’’ These so-called ‘‘ alloys ” 
may be any of the following metals and, because of their addition, the steel is 
named after them ; thus the addition of nickel produces nickel steel.” 

Metals added to form alloy steels : — 

I Soluble in iron (or ferrite). 


Chromium 

Vanadium 

Manganese 


Forming compounds with carbon and also partly soluble 
iron (ferrite). 


Other elements, such as tungsten, molybdenum, titanium, are added to steel, 
but owing to their high cost are mainly confined to tool steels. 

The above list of alloys is divided into two groups : those which are soluble 
in ferrite, and those w^hich form compounds (z.e. carbides) with the carbon. 
This big distinction will, as would be surmised, lead to the expectation of very 
different effects on the steel ; the soluble element changing the characteristics 
of the ferrite areas, and the carbide-forming element the nature of the “ carbon ” 
areas, with also a possible change in the ferrite. 

The principal effect of these added elements is the lowering of the position 
of the critical ranges, w^hich effect increases with the amount added. This 
effect may be so great that even the change from austenite into martensite can 
only take place at very low temperatures, sometimes below the ordinary 
atmospheric temperature. The position of the change is also affected by the 
initial temperature from which the steel is allowed to cool, the higher -tempera- 
tures usuaUy low’^ering the change point. 

The alloys also have a tendency to oppose changes both on heating and 
cooling and, as a result, the temperature at which the change takes place on 
heating may be much higher than the corresponding reversal on cooling. This 
effect (which is termed “ Hysteresis ”) may be called sluggishness and is a 
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characteristic of these steels. It also accounts for the difficulty or slowness 
with which diffusion takes place, and, lastly, but very important, the slowness 
with which the size of the grain alters even at high temperatures. The difference 
in behaviour betw een carbon and alloy steels may be likened to that between 
water and thick cylinder oil at ordinary temperatures. 

Nickel . — ^This element dissolves in the iron or ferrite and is therefore not 
distinguishable with the microscope. It appears to dissolve in almost any 
proportion and steels with as much as 25 per cent, nickel are used commercially. 
Its effect on the ferrite is to increase the tensile strength without reducing the 
ductility of the steel. Thus the addition of 2*5 to 3’0 per cent, nickel to case- 
hardening steel of about 0‘15 per cent, carbon content will raise the tensile 
strength of the core from 35 tons to 45 tons per square inch without any serious 
change in the ductihty or the dynamic strength. 

Nickel lowers the critical range points much more rapidly than carbon 
and also retards the change, so that the Ar (cooling) points are much lower. 
For small additions (less than 7 per cent.) the Acl point (heating) is lowered by 
about 10°, C. for each 1 per cent., while the Arl (cooling) falls b^y about 20° C. 
for each 1 per cent, below those of the corresponding carbon steels. Thus the 
heat treatment of nickel steel can be carried out at lower temperatures than 
the corresponding carbon steels. 

The carbon saturation value is also affected and instead of requiring 0 85 
per cent, carbon to give a wholly pearhtic steel a less amount is now sufficient ; 
a 3 per cent, nickel steel only requiring about 0*75 . per cent, carbon. This 
is important with case-hardening steels, because this lower saturation value is 
obtained in less time than the higher value of 0*85 in ordinary carbon steel. 

High nickel steels, containmg 25 per cent, or more nickel, do not undergo 
any changes during heating or cooling. Their structure is austenitic owing 
to the great retarding influence of nickel over any changes in structure. 
Consequently these steels are very tough. They are also non-magnetic. 

Nickel increases the difficulties in steel manufacture and in rolling owing 
to its tendency to increase piping and segregation in the ingot, and the pro- 
duction of a laminated or seamy structure (banded effect). 

Silicon. — ^This element dissolves in the iron, probably as a compound, 
sihcide of iron (FeSi). It has very little influence on the critical ranges, which 
are about the same as for ordinary carbon steels, but it renders the material 
more sensitive in heat treatment, which must be carried cTut with care and 
accuracy. Silicon steel possesses a low magnetic hysteresis and a high 
permeability factor, both of which make it useful for electric machinery. 
Such steels usually do not contain more than 5 per cent, silicon. 

Chromium. — Chromium forms a compound with the carbon, and this, 
in conjunction wdth the iron carbide, produces what are known as “ double 
carbides,’’ which in the hardened steel are harder than the iron carbide 
(cementite) itself. 

This element strongly opposes any change in the formation or breaking up 
of the carbides and in consequence the critical ranges are affected ; the changes 
taking place more slow ly, causing the Ac3 (heating) point to be raised and the 
(Arl) cooling to be lowered. The Ac3 point is raised by about 2° C. for each 
0*1 per cent, of chromium. This retarding influence enables an austenitic 
structure to be obtained by rapid cooling thus producing a hard, tough steel, 
the hardness being further enhanced by the double carbide formation. 
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This great hardening characteristic of chromium is of special importance 
owing to the increased resistance to wear that results. Further, the tendency, 
with suitable heat treatment, to form a fine-grain structure gives the steel a 
high degree of toughness without any serious change in its ductility. Thus the 
addition of chromium instead of more carbon to obtain hardness is much better, 
for not only is the steel rendered much harder but its brittleness is much less. 

Chromium has a serious influence on the grain size during prolonged heating, 
tending to increase it and to coarsen the structure. In this respect it acts 
in an entirely opposite manner to nickel. Thus chrome steels which have 
been carburised or subjected to prolonged heating will require special heat 
treatment to refine the structure. 

Vaniadium. — ^This element enters partly into solution in the ferrite and 
also partly forms double carbides with the carbon and iron carbide (cementite). 

The influence of vanadium is very great ; small amounts (less than 0*25 per 
cent.) producing great improvements in tensile strength, ductility, and also 
dynamic strength. This is probably due to its influence on the ferrite in 
which it enters into solution in the same manner as nickel, except that the 
effects produced are greater. 

Larger amounts produce double carbides having the same characteristic 
hardness as those produced by chromium. 

The effect on the critical ranges (on heating) is similar to that produced by 
chromium, and higher quenching temperatures must be employed in heat 
treatment. 

It is unlike chromium, however, in its effects upon the grain size during 
prolonged heating, and these steels can be heated without any serious coarsening 
of the structure. 

Manganese. — ^Manganese, in excess of that required to combine with the 
sulphur, associates with the cementite, forming a double carbide w hich exerts 
its full influence only in hardened steel. Its effect then (up to 2 per cent.) is 
to raise the tensile strength by about 0*75 ton per square inch for each 0*1 per 
cent, present. 

The retarding influence on the change from austenite to martensite becomes 
very marked as the manganese content i^ raised, and with steels containing 
about 15 per cent, the change does not take place at all, the steel being entirely 
austenite or hard at ordinary temperatures. The double carbide is then very 
prominent unless the steel has been quenched in oil or water, and then it re- 
mains in solid solution in the austenite. In the former state the steel is weak 
and possesses very poor ductility, whereas in the latter state it is very tough 
and ductile. 

The effect of manganese on high carbon steel and the tendency to induce 
brittleness is described on p. 121, 



CHAPTER IX 


CHEMICAL COMPOSITION AND MICRO-STRUCTURE OP CAST IRON, 
MALLEABLE IRON CASTINGS, STEEL CASTINGS, NON-FERROUS 
METALS, AND ALLOYS 


Cast Iron 

Cast iron as produced by the modem blast-furnace methods, contains, in 
addition to the all-important carbon, comparatively large percentages of other 
elements, many of which can be regarded as impurities since they have a detri- 
mental influence on the material. 

The principal feature of cast iron is the amount of carbon it contains and 



Fig. 81. — ^Micrograph of Coarse-grained Grey Iron. Magnification 75 diameters ; 

specimen polished only. 

the forms in which the latter may exist. When in the uncombined state (free 
as ^aphite) it will by reason of its low density occupy a large space, a fact 
which is confirmed by the micrograph Fig. 81 , which represents the structure 
of very coarse-grained grey iron. 
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The typical composition of a foundry iron may be represented by the 
foIlo\^ing figures : — 


Carbon, total 

„ combined 
„ graphite 
Silicon 
Sulphur 
Phosphorus . . 
Manganese . . 


3*5 per cent. 

0- 5 „ 

3 0 „ 

1 - 8 „ 

0*75 „ 

1-0 

0-8 


These figures, however, must by no means be taken as suitable for every 
purpose for which it is intended to employ cast iron. The following pages will 
show how advisable it is to select or specify certain compositions to meet the 
requirements of the work in hand. 

Carbon. — ^The carbon in cast iron is derived from the coke employed in 
its reduction from the ore, and it is now practically accepted that the ‘‘ mother ” 
iron in the blast furnace is a saturated solution of carbon in iron. As the iron, 
in the liquid state, cools a certain proportion of the carbon is thrown out of 
solution (in the form of the compound iron carbide (Fe^C), which dissociates 
immediately into iron and carbon) and is known as “ Idsh,'’ and this comes 
to the surface. On solidification some of the carbon remains in solution 
(forming the solid solution known as austenite) while the rest exists as free 
carbide, which may dissociate partially or wholly, depending on the rate of 
cooling, and the amount of the other constituents present. During the further 
cooling, the carbon as carbide continues to be thrown out (from the solid 
solution), and as before, this will remain as carbide, or will dissociate, 
according to the conditions of cooling and composition. 

Then at about 700° C. the solid solution (austenite) changes and becomes 
a mixture of carbide and free iron. The carbide, again, may dissociate, 
or if not, will be found in the iron as pearlite. If it dissociates the result 
is soft, grey pig-iron, containing practically all the carbon in the form of 
graphite. 

The carbon thrown out of solution remains in the mass in the form of 
graphite, usually as thin curly plates. These are easily recognised in the 
micrograph (Fig. 81, also Fig. 67). Incidentally owmg to the graphite being 
more bulky than the carbide, it is evident that its formation will set up an 
internal stress which must resist further liberation of the carbon. That the 
carbon is liberated, according to the argument of H. M. Howe, is due to the 
greater stability of the graphitic state as compared with the combined 
state. The force tending to produce the graphitic state is clearly able to 
overcome the pressure it creates, but there is a stage when the internal 
stress may be sufficient to balance this force and as a result the carbon is 
retained in the form of carbide. In such a case the fracture of the iron 
may exhibit dark patches of what is apparently grey iron interspersed with 
white iron. 

Now it is of the utmost importance to know what state the carbon is in, or 
rather, what proportion of it is in the combined state (cementite). Other 
factors remaining constant, it can be assumed that as the proportion of combined 
carbon is increased, so is the maximum tensile stress increased. In practice, 
however, the other constituents such as silicon, sulphur, and manganese very 
largely control the proportion of combined carbon, as will be shown later. 
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Also, the casting temperature and the rate of cooling are factors which 
influence the state of the carbon. In fact, the physical properties of cast iron 
are very sensitive to the manner in which the material is produced. 

The more quickly the material is cooled the more carbon is retained in the 
combined form which, being extremely hard, renders the material hard. 
Thus it is possible to retain all the carbon in the combined state, producing 
what is known as white iron ; a very hard material. This has an important 
bearing on test bars which may, or may not, be cast with the main casting. 
When cast separately such bars will nearly alwaj’^s be found stronger than the 
material of the main and much larger casting. It should, wherever practicable, 
be made a strict practice to cast the test bar with the main casting as jiart 
of it. 

The temperature of casting, and the rate of cooling, also influence the 
character of the graphitic carbon ; slow cooling producing coarser graphitic 
plates than rapid coohng and consequently weakening the material. 

Silicon. — ^The presence of silicon in cast iron affects the solubihty of the 
carbon, reducing it and causing the carbon to change from the combined state 
to the graphitic state. It also has the effect of slightly raising the melting 
temperature owing to the reduction of the total carbon. From a series of test 
bars T. Turner found, under the conditions in which they were prepared, 
that the maximum tensile strength was obtained with 1*96 per cent, of 
silicon, the combined carbon being 0*56 per cent. A composition, however, 
of about 1 per cent, silicon and approximately 2 per cent, combined carbon 
gave the best crushing strength. 

The silicon content should be controlled by (1) the size of the casting, 
(2) the rate of cooling, and (3) the casting temperature. The size of the 
casting generally determines the rate of coolmg, and in the case of a large one 
the cooling may be so slow that the combined carbon is almost nil, hence it is 
necessary to select irons containing suitable amounts of silicon for the work 
in hand. For large or slowdy-cooled castings the silicon content should be 
lower than that used for light or quickly-cooled castings. The casting 
temperature if raised counteracts to some extent the effects of silicon, for 
with higher temperatures the combined carbon is higher for a given silicon 
content. 

Although, as a general rule, the percentage of silicon controls the quality 
of the iron, it must be borne in mind that its influence is always conditional. 
Still, as a guide, the following figures given by McWilliam and Longmuir * can 
be adopted as representing safe practice : — 

Type of Casting. Silicon per cent. 

Chilled grey iron cylinders . . . . 0*75 to 1*00 

High-pressure cylinders . . . . . . 1 *30 

General machinery . . . . . . 1 *50 

Soft iron castings . . . . . . . . 2 *50 

Stove grates, etc. . . . . . . .. 2*5 to 3*0 

Hollow ware . . . . . . . . 3 *0 to 3 *5 

The remelting of cast iron tends to reduce the silicon content and hence 
increases the hardness of the metal. 

Phosphorus. — ^This element combines with the iron forming iron phosphide 
(Fe 3 P), which tends to dissolve in the remaining iron as a solid solution. If the 


* “ General Foundry Practice.” 
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iron was free from carbon the amount of phosphorus dissolved in this way 
would be about 1*7 per cent.,* but the action of carbon, which also tends to go 



Fig. 82. — ^Micrograph of Cast Iron showing Flake of Graphite (large dark mass on left 
side), Pearlite Areas (parallel bands, both coarse and fine). Phosphide Area (lower 
portion towards right of photograph), nearly white with irregular masses of Iron 
Phosphide, Sulphur (as manganese sulphide) as dark spots in different places. 
Magnification, 450 diameters ; etched with picric acid. 

into solution (as iron carbide), is to oppose this, and as a result the phosphide is 
partly thrown out and exists as a separate constituent. The phosphide reacts 

* Stead, Journal Iron and Steel Inst., vol. 2, 1908. 
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in a like manner and throws the carbide out while the iron is still molten and, 
as this immediately dissociates iuto carbon and iron, the carbon is lost. Thus 
in high phosphoric irons the total carbon content is usually lower than in those 
containing only small amounts of phosphorus. Beyond this action the 
phosphorus does not appear to affect the condition of the carbon in ordinary 
pig-irons. 

In most cast irons, therefore, the phosphorus exists partly in solution and 
partly as a separate constituent (in both cases as phosphide of iron). In the 
former case it influences the size of the ferrite grains tending to make them 
larger, while in the latter case it surroimds the crystal grains or exists as 
separate areas depending on the silicon content of the iron. In either case it 
weakens the iron, making it more brittle, the large-gram structure always being 
weaker and the phosphide itself being very weak. 

The structure of these phosphide areas is somewhat laminated lilte pearlite 
owing to it forming an eutectic mixture with iron. This can be seen in Fig. 82. 
The action of silicon in breaking down the iron carbide causes these phosphide 
areas to be fairly free from carbon, while in low silicon irons (white irons), this 
influence being weaker, the phosphide is often found closely associated with 
iron carbide (cementite). 

Phosphorus lowers the melting point of cast iron and enables very delicate 
castings to be produced ; such castings being as a rule sharp and clean. 

Sulphur. — ^The influence of sulphur on the properties of cast iron is some- 
what obscure. It appears to assist in the formation of, or to resist the breaking 
down of, the iron carbide, and thus produces hard iron. When manganese is 
present the sulphur combines with it forming manganese sulphide (MtiS) and 
this hardening effect disappears. 

As in the case of steel the manganese sulphide is insoluble in the iron and 
is therefore found as a separate constituent, usually in the form of globules 
(see Fig. 82). Up to 0*1 per cent, it exerts no serious influence on the iron, 
although it is advisable to keep the amount down to about 0*05 per cent. 

If little or no manganese is present the sulphur combines with the iron 
forming iron sulphide (FeS), a very brittle constituent. 

Manganese. — ^As explained already, the addition of manganese to cast 
iron results in the formation of manganese sulphide with any sulphur present, 
and this compound, being insoluble, exists as a separate constituent. This 
compound appears to have little influence on the properties of the iron unless 
both sulphur and manganese are present in large amounts, an unusual state of 
affairs in modem cast iron. 

If manganese is added in large amount a proportion of it forms a 
double carbide of iron and manganese, and the material is rendered harder 
in consequence. 


Malleable Cast Iron 

The composition and stmcture of malleable cast iron depends on the 
process of malleablising adopted. The processes in use are (1) the Reaumur 
or European method, and (2) the Blackheart method. 

The method that has been employed is readily determined by the nature 
of the fracture, which is glistening white in the case of the Reaumur method, 
and grey (or black) if the process is Blackheart. This great difference in the 
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appearance of the fracture is entirely due to the amount of carbon present, 
and it follows, therefore, that the amount of this element and the form it 
assumes are of principal importance. 

Carbon. — Ordinary grey cast iron as used for foundry purposes is unsuit- 
able for the manufacture of malleable castings because of the form in which 
the carbon exists. 

In such iron a large proportion of the carbon is graphitic and, as shown 
by Pig. 81, the graphite exists in curly flakes which reduce the strength and 
account for the brittleness of the metal. White iron, containmg the carbon 
entirely in the cotribined form, is extremely hard and brittle, but on heating 
this the iron carbide coinmences to dissociate and at certain temperatures 
the carboii is thrown out as graphite. At 1,100° C. the graphite thro^vn out 
is in what is termed its primary form, which is the curly, flaky graphite of 
ordinary grey iron. W'hife iron treated in this manner is no better than 
ordinary foundry iron. 

If, however, white iron is subjected to prolonged heating at temperatures 
between 700° C. and 1,000° C. the carbon, although it dissociates from the 
combined form (iron carbide), does not assume the curly flaky form produced, 
at higher temperatures. Instead it takes up the form of secondary or fine- 
grained graphite which is often referred to as “ annealing carbon.” This 
particular form has nothing like the* weakening effect on iron that the 
primary or flaky form has, and its production, therefore, is of considerable 
importance. 

The amount of annealing carbon present depends, apart from the compori- 
tion of the iron, on the temperature to which the iron is heated and on the 
duration of the heating. Low temperatures of 750° to 800° C. change the 
carbon into the required form, but beyond a slight surface decarburisation the 
carbon content is much the same as in the original casting. Higher tempera- 
tures, however, 950 to 1,000° C.,not only convert the carbon but also remove 
the bulk of it, leaving the iron almost carbon free.* Thus the difference in the 
two processes is explained here ; low temperatures produce blackheart iron 
and high temperatures whiteheart iron (i.e. Reaumur or European process). 
The dominating factor, however, is the sulphur content, which must be very 
low for blackheart iron, otherwise the annealing is commercially impossible 
at the lower temperatures. 

The time required to effect this change and to remove the carbon (in 
whiteheart iron) is considerable and depends on many factors, as will be 
seen later. Clearly the removal of the carbon, which is effected by oxidation, 
must be slow even though the temperature is high. Usually the heating, or 
annealing operation as it is called, occupies several days and sometimes weeks, 
and is therefore an expensive one. Much depends on the presence of other 
constituents and on the section of the castings. 

The structure of a blackheart casting is shown by Figs. 83 and 84, which 
show the material as polished and also after etching. The shape of the nodules 
of annealing carbcm will be noticed and, if compared with the usual flaky graphite 
of ordinary cast Iron, the reason for the increased strength and ductility of the 
metal will become apparent. 

* In this country most foundries produce whiteheart iron, but in many cases it is 
not the true type, because a certain amount of carbon still remains in the casting, some 
as graphite and the remainder in the combined state. 
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Fig. 83. — Micrograph of “ Blackheart ” Malleable Iron, showing annealing Carbon 
Magnification 150 diameters ; specimen polished only. 



Fig. 84. — ^Micrograph of “ Blackheart ” Malleable Iron, showing annealing Carbon and 
also grains of Ferrite. Magnification 300 diameters ; etched rather deeply with 
picric acid. 
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Silicon. — Silicon unites with iron forming iron silicide (FeSi), which goes 
into solid solution, and as carbon is less soluble in this it is thrown out as 
graphite in amounts increasing as the silicon content is increased. Thus this 
element assists the annealing operation in that it tends to change the 
combined carbon into anneabng carbon. The amount, however, must be 
watched since in the making of the original casting it is desirable that no 
flaky graphite should be formed ; the iron should be as white as possible and 
silicon defeats this. Thus it is usual to limit the amount of this element to 
0*6 to 1*10 per cent, or an average value of about 0*75 per cent. A certain 
a^io^t of silicon is necessary to reduce porosity of the castings. 

Sulphur. — ^Thia^^lement tends to prevent or delay the separation of the 
carbcHi'; into graphite and therefore retards the annealing operation. Iron 
containing much sulphur must be annealed at a high temperature to effect 
the separation of graphite. Thus for the low -temperature, or blackheart, 
process the proportion of sulphur must be low, whereas for the whiteheart 
method higher percentages of sulphur are permissible, in which case it is 
usual to increase the silicon content to coimteract the retarding influence. 

The iron used for the blackheart process should riot contain more than 
0*15 per cent, sulphur, but with the whiteheart process the iron may contain 
up to 0*35 per cent. 

Manganese. — ^Manganese delays the annealing process because it ten^s 
to keep the carbon in solid solution. Small amounts up to 0*4 per cent., 
however, assist the separation, probably because of the chemical union of>ithe 
manganese and the sulphur (forming manganese sulphide). The manganese 
content should not exceed 0*5 per cent, in good quality castings. 

Phosphorus. — ^The amount of phosphorus allowable depends on 4he 
process adopted for annealing. Generally for the blackheart method fthe 
phosphorus may be higher than in the case of the whiteheart process. There 
is still some uncertainty as to the behaviour of phosphorus, but Stead has 
shown that phosphorus, which combines with iron as iron phosphide (FcsP), 
forms an eutectic consisting of iron phosphide and iron which melts at about 
980° C. This tends to segregate, forming areas of weak and brittle niateriaL 
This, in practice, appears to take place at a little over 900° C., and this tempera- 
ture, therefore, is part of a critical range affecting the condition of the 
l)hosphorus. 

In the blackheart process the annealing temperature is alwa 3 rs lower than 
900° C., hence the effect of phosphorus is not so serious, in fact it may be as 
high as 0*25 per cent. For whiteheart castings, however, it should be kept 
lov er and not exceed a value of 0*15 per cent. It increases the grain size and 
the tendency to be brittle, while it also reduces the tensile strength, elongation, 
reduction, the bending angle, and deflection under the bend test. 

Steel Castings * 

Steel castings may be regarded as castings made from mild steel, since the 
best castings contain only a low percentage of carbon, less than 0*3 per cent. 

* These must not be confused with Ordinary cast steel such as tool steel, or those 
steels that are prepared in crucibles. All steel, of course, is cast, but this section refers 
only to those castings which eventually form part of a machine, and are cast in moulds 
to the finished shape. 
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They differ considerably, therefore, from iron castings in that the carbon 
content is much less and, further, that the metal must be much freer from 
impurities like sulphur and phosphorus. 

The low percentage of carbon means that the metal has a high melting 
point and that steel castings must be made at much higher temperatures than 
iron castings. This fact accounts for the difficulty experienced in obtaining 
sound castings, especially when the section of the part is considerable, or one 
portion is much thicker than another which adjoins it. 

The employment of the electric furnace for melting the metal enables 
better material to be produced, since its composition can be kept under better 
control. The contraction of the metal is considerable, and this again renders the 



Fig. 85. — Micrograph of Steel Casting improperly annealed, showing free Graphite. 

Magnification 150 diameters; specimen polished only. 

production of castings of varying section difficult, especially when the change 
of section is abrupt. 

The castings should not be used in the raw state just as they come from 
the moulds ; they should be annealed to break down the coarse crystalline 
structure and to diffuse the carbon constituent more uniformly. This is 
important, but is often neglected or not carried out well enough by the steel 
founders, with the result that hard, brittle castings are supplied. 

Carbon. — ^The amount of carbon should not exceed 0*3 per cent., while 
for most purposes where ductility and a high dynamic strength are required 
the percentage should be about 0*2. In a good casting the carbon should be 
in the pearlitic state and the micro-structure should resemble ordinary mild 
steel. It sometimes happens, however, that during the annealing process, 
especially when the silicon content is high, some of the carbon is thrown 
out in the free state as graphite. An example of this is shown by Fig. 85 
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while the pearfite constituent is readily recognised in Fig. 86, which shows the 
same material at a magnification of 600 diameters. The proportion of carbon 
in this steel was 0 25 per cent. 

A low carbon steel casting is represented by the micrograph Fig. 87. The 
carbon content of this is 0*19 per cent., the dark portions representing the 
carbon areas which, if magnified, would show up as pearlite. 

There is a tendency to supply castings having a higher carbon content than 
0*3 per cent, owing no doubt to the greater ease in casting such metal, but 
these are not desirable owing to the reduced ductility and dynamic strength. 



Fig. 86. — ^Micrograph of same Steel Casting at a magnification of 600 diameters, showing 
Pearlitic Structure (laminated in centre) ; etched with picric acid. 

The micrograph of a steel casting containing 0*42 per cent, carbon is shown 
by Fig. 88. 

Sulphur and Phosphorus. — In ordinary steel it is necessary to keep 
the proportion of these impurities down, but in steel castings it is even more 
important. The soundness of the castings and the dynamic strength are 
affected very considerably by these elements and neither should exceed 
0*03 per cent. 

Manganese. — ^This is added to nullify the effect of the sulphur, since it 
combines with it to form manganese sulphide (MnS). Any further amount is 
harmful since it tends to develop brittleness, and it should not exceed 0*5 
per cent. 

Silicon. — Silicon combines with iron forming silicide of iron, which goes 
into solid solution in the metal. It promotes soundness in the castings by 
removing the occluded gases, and is usually found in quantities up to 0*4 per 
cent. The tendency of this element to throw the carbon out as graphite has 
been referred to already. 
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Slag. — ^The presence of slag in castings is harmful and should be watched 



Fig. 87. — ^IVIicrograph of a Low Carbon Steel Casting, showing Carbon Areas (dark 
patches) and Ferrite Grains (white). Magnification 300 diameters; etched with 
picric acid. 



Fiq. 88. — ^Micrograph of High Carbon (0*42 per cent.) Steel Casting, Carbon Areas dark. 
Ferrite white. Magnification 300 diameters ; etched with picric acid. 
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for because of the weakness and brittleness that result. The following micro- 
graph, Fig. 89, shows the form in which the slag appears. 



Fig. 89. — Micrograph showing Slag in” Steel Casting (Slag dark). Magnification 160 
diameters ; specimen polished only. 


Non-ferrous Metals 


ALUMINIUM 


The principal impurities in commercial aluminium are copper, iron, and 
sihcon, and a good quality metal wiU analyse as follows : — 


Aluminium 
Copper 
Iron . . 
Silicon 


99 '2 per cent. 
0*2 
0*3 
0*3 


Some samples of aluminium contain as much as 99*6 per cent, pure metal, 
while lower grades contain only 98 per cent. 

The copper forms a solid solution with aluminium and cannot, therefore, 
be recognised under the microscope ; its effect on the strength of the metal is 
neghgible. 

Iron combines with aluminium forming the compound Al 3 Fe, which is 
practically insoluble in aluminium at ordinary temperatures and is thrown 
out to the grain boundaries. Silicon appears to exist in solid solution (but 
only to a slight extent) and as free crystals. 

Most pure aluminium is used for rolling or drawing into wire, rods, sheet, 
and bars, etc., hence it is in this state that the metal is generally met 
The metal used for alloys is usually richer in copper. 
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The metal as cast assumes a crystalline structure, but the effect of cold 
work is to break this down into what appears to be an amorphous state, but 
is really a laminated structure of flattened crystal grains. This new structme 



Fig. 90. — ^IMicrograph of Drawn Aluminium Rod. Transverse section. Magnification 
150 diameters ; etched with caustic soda. 

can be changed again into an obviously crystalline one by the process of 
annealing, although the procedure is a slow one. 

COPPER 

The principal impurities in commercial copper are bismuth, arsenic, sulphur, 
oxide of copper, lead, iron, and antimony. 

A sample of drawn copper tubing or rolled sheet will probably have an 
analysis as follows : — 


Copper 

. . 99*5 

to 

99-8 

per cent. 

Bismuth 

. . 0 000 

to 

0-01 

»» 

Arsenic 

. . 0 005 

to 

007 

i9 

Sulphur 

0002 

to 

0-005 

99 

Oxide of copper 

, . 0 050 

to 

0-2 

99 

Lead . . 

. . 0 005 

to 

0-05 

99 

Iron . . 

. . 0 001 

to 

0-004 

99 

Antimony 

. . 0-000 

to 

0-005 

99 


The impurities are small in amount but their effect is often very marked. 
Other elements are found such as nickel, silver, tin, and sometimes selenium 
and tellurium, but these are rarely found in the commercial material. 

Bismuth. — ^This element has a most injurious effect on the properties of 
copper. When present in amounts up to 0*05 per cent, it makes copper quite 
brittle, while it has been found that with over 0*0005 per cent, copper cannot 
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be drawn into wire. Arsenic and antimony, which are usually found in copper, 
have a neutralising effect on bismuth and in consequence some samples of copper 
may contain a fair percentage of bismuth without being brittle, but this is due 
to this counteracting influence of arsenic and antimony. 

Bismuth forms exceedingly fine membranes of metallic bismuth round the 
crystal grains of the copper, and it is this formation that accounts for the 
brittle character of the copper. 

Arsenic. — ^The effects of this element on copper are important as wall be 
seen from the following table : — 


Influence of Arsenic on Strength of Copper.* 


Arsenic per cent. 

1 Elastic limit. 

Tensile strength. 

Elongation per cent. 

0-00 

6-25 

11*9 

25*0 

0*24 

915 

15*1 

27-6 

0-53 

8*47 

16*4 

29*5 

0*75 

7*84 

16*3 

21*0 

0-94 

8*11 

16*1 

250 

1*37 

8*99 

16*8 

28*0 

1-80 

10*27 

15*9 

20*0 


The mechanical properties of copper are not affected seriously until the 
amount of arsenic exceeds 0*8 per cent., and even at this figure copper can be 
drawn into very fine wire. If, how^ever, oxide of copper is present in any 
large amount the metal becomes “ cold short ’’ or brittle. For practical 
purposes the limit for arsenic should be set at 0*6 per cent. Arsenic alone 
will cause ‘‘ red shortness ’’ if it exceeds 2 per cent., but this metal will roll 
if carefully handled. 

Arsenic in these amounts forms a sohd solution with the copper, and there- 
fore is indistinguishable under the microscope. 

Sulphur. — ^This element is foimd as cuprous sulphide (CU 2 S). The 
effect on copper is to reduce its malleability ; 0*5 per cent, sulphur making the 
metal quite brittle. The limit for good metal is 0*01 per cent., but with 
0*25 per cent, copper is still fairly malleable, but much smaller amounts are 
often a source of unsoundness. 

Oxygen or Oxide. — Oxygen does not disolve in copper but takes up 
the form of copper oxide (CU 2 O). This oxide forms an eutectic with 
copper which is distinguishable under the microscope (in commercial rolled 
copper as pale blue globules). With amounts below 0*45 per cent, the 
mechanical strength of the copper remains unaffected, but above this the tensile 
strength increases slightly, and the malleability diminishes when 0*9 per cent. 
CU 2 O is reached. 

The hot forging properties are adversely affected when the oxide exceeds 
3*45 per cent., this representing the composition of the eutectic alloy. 

Lead. — ^This metal does not alloy with copper except in a very minute 
quantity, when it takes up the form of a eutectic. When present it is usually 
found in globules or at the crystal boundaries. Its effect on the properties of 
copper depends to some extent on the amount of copper oxide (CugO) present 

♦ Lewis, J, Soc, Chem, Ind,, J901, xx. 254. 
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since it has the power of reducing the oxide. Thus with much oxide present 
the amount of lead can be high, but if the oxide is low the copper will be red 
short and brittle. For most purposes the amount of lead should not exceed 
0*1 per ( ent. 

Iron. — Copper always contains iron, which has a tendency to make it 
hard and brittle. Iron in small amounts forms a sohd solution and is not 
recognisable under the microscope. The limit for good copper should be 
about 0*01 per cent. 

Antimony. — ^The effect of antimony on copper is somewhat similar to 
arsenic. It forms a sohd solution when present in small amounts. The limit 
for good metal is usually taken as 0*05 per cent. ; above this the material does 
not roll well. 

Nickel. — ^The effect of this metal in small quantities is not pronounced ; 
up to 0*3 per cent, nickel has no effect, but above this the copper becomes harder 
and has a higher tensile strength. This metal forms a sohd solution with copper. 

Non-Ferrous Alloys 

ALUMINIUM ALLOYS 

The tremendous output of aluminium during the last few years and the 
demand for its alloys in connection with the aircraft and automobile industries 
have settled many doubts as to the efficacy of these alloys, and they are being 
used now more freely and with greater confidence. 

The principal commercial alloys of aluminium are dealt with in Chapter XV. 
The forms which the added metals assume in these alloys are only briefly 
described here. 

Generally aluminium combines with ordinary metals forming compounds 
which are only partially soluble or are insoluble in the metal itself. Thus 
such alloys during cooling form grains of the almost pure metal itself and 
the compounds are often found at the boundaries. This form of structure 
(see Fig. 91) is usually poor or is only useful for certain purposes. Zinc is 
the principal exception and forms a sohd solution with aluminium, and the 
alloys so produced are some of the most valuable in use. 

Copper. — ^This metal forms a compound with aluminium (CUAI 2 ) which 
is partially soluble in aluminium. The amount which is capable of being 
dissolved without annealing is about 3 per cent, of copper.* That which does 
not dissolve forms a eutectic with aluminium, which contains about 32 per 
cent, of copper and melts at 545"" C. 

Alloys of aluminium with less than 3 per cent, of copper wiU not show much 
of the latter constituent under the microscope owing to it being in sohd 
solution. Above this amount, however, the eutectic which forms becomes 
visible, as wiU be seen in Fig. 91, which is the micrograph of an ahoy containing 
approximately 11*6 per cent, copper, used for an aero-engine cylinder. 

The addition of copper to aluminium increases its tensile strength and 
improves its machining quahties. Above 6 per cent, the aUoys can be used 
for die castings, a fact which renders them of great value. 

Zinc. — ^This metal in quantities less than ^ per cent, forms a sohd solution 
with aluminium. Zinc forms a compound with aluminium (Al 2 Zn 3 ) which, 
however, decomposes at 256° C. 

Zinc increases the tensile strength of aluminium but renders the material 
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more sensitive to temperature rise, the alloys becoming much weaker as the 
temperature increases. There is a tendency for the alloys to “tear” or 
“drag ” during machining, and it is usual to add about 3 i)er cent, of copper 
to reduce this defect. The structure of such an alloy is shown in Fig. 94, 
which is the micrograph of an alloy containing about 12*5 per cent, of zinc 
and approximately 2*0 per, cent, copper. 

Magnesium. — ^This element combines with aluminium forming a com- 
pound (Al 3 Mg 4 ) which forms a eutectic with aluminium containing 35 per cent, 
magnesium and melting at 465° C. This compound is also partially soluble in 
^umitiium to the extent of about 10 per cent, magnesium. In small amounts 
it /has a yery marked effect on the strength of aluminium, increasing it very 



Fig. 91. — Micrograph of Aluminium-copperAlloy (copper 11 *5 per cent.), showing Copper- 
aluminium Eutectic at the Crystal Boundaries (dark). Magnification 75 diams. ; 
etched with caustic soda. 

considerably. This effect is no doubt due in great measure to its powerful 
de-oxidising power and the consequent removal of oxide from the alloy. 

Manganese. — ^This metal appears to form a compound with aluminium 
which in turn forms a eutectic containing about 3 to 4 per cent, manganese, 
melting at 650° C. This compound is insoluble m aluminium. The alloy 
duralumin is dependent principally on magnesium and manganese for its 
high tensile properties.* The structure of this alloy is shown by Figs. 92 and 
93, which are micrographs of bars having the following compositions : — 


Analysis op Duralumin Bars. 


Copper . . 


Fig. 92. 

. . 4*90 

Fig. 93. 
5-66 

Magnesium 


0*33 

0-32 

Manganese 


0-58 

0-54 

Aluminium (diff.) 


. . 93-39 

92-61 

Iron 


.. 0-5 

0-65 

Silicon 


0-3 

0-32 

Tin 


.. Nil 

Nil 

Lead . . ; . 


.. Nil 

Nil 

Zinc 


.. Nil 

- Nil 


♦ This, however, is doubted byHosenhain. 
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Fig. 92. — Micrograph of Duralumin alloy. Magnification 150 diameters ; etched with 

caustic soda. 
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Fig. 93. — ^Micrograph of Duralumin alloy. Magnification 150 diameters ; etched wibl^® 

caustic soda. ce 
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Iron. — ^This element occurs as an impurity and should therefore exist in 
small amounts only. It is usual to specify 1 per cent, as a maximum. Iron 
forms a compound with aluminium (AlgFe) which is practically insoluble at 
ordinary temperatures. 

Silicon. — ^This element also occurs as an impurity and is usually limited 
to a maximum of 1 per cent. Silicon is slightly soluble in aluminium (about 
0*5 per cent.) and it also forms a simple eutectic. 

Nickel . — ^Nickel combines with aluminium, forming a compound (AlgNi) 
which forms a eutectic with aluminium, containing 7 per cent, nickel, melting 
at 630® C. This compound is not soluble in aluminium. The addition of 
nickel does not increase the strength of the material much, although chill castings 
are promising. 

Tin . — This metal forms a compound with aluminium which appears to 
have a serious weakening effect on the metal and renders hot working almost 
impossible. Alloys containing tin can only be rolled cold. 

Lead. — ^This metal should be regarded as an impurity and limited to 
about O’l per cent. 

Casting Temperatures. — ^Aluminium alloys are much influenced by 
the temperature of pouring (see also Chapter XV.), and should be poured at 



Fig. 94. — Micrograph of Copper-zinc -aluminium Alloy, part of Crankcase, showing large 
grain structure as compared with test bar (Fig. 95). Magnification 75 diameters ; 
etched with caustic soda. 


the lowest possible temperature consistent with filling the mould completely, 
^uminium has a high specific heat, and as a result the mould is heat^ very 
considerably and the casting cools slowly, producing a coarse-grained struc- 
ure. Thus large castings, especially if the section is great, will possess a 
coarser structure than smaller ones. As an example of this, two micrographs 
ire shown in Figs. 94 and 95, the first being that of a large aluminium alloy 
rankcase, and the second that of a test bar cast from the same alloy. The 
rain size of the casting is larger and coarser than that of the test bar. It 
Vi, however, becoming standard practice to cast aluminium alloy test bars 
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in a special chill mould, and to judge the metal on the results obtained from 
these test bars. This method has the advantage of being consistent so far 
as size and rate of cooling are concerned. 



Fig. 95. — ^Micrograph of same Alloy as Fig. 94, but cut from test bar, showing smaller 
grain size due to more rapid cooling. Magnification 75 diameters ; etched with 
caustic soda. 


COPPER ALLOYS 

The great variety of copper alloys and the numerous impurities they are 
likely to contain, make it difficult to foretell the influence of many component 
constituents when added to form any of these alloys. The combinations 
possible with so many elements will provide material for research for some 
considerable time to come ; the subject is so vast that in spite of the immense 
amount of investigational work carried out, there still remain many points 
about which there is httle known. 

It may be assumed, however, that an alloy which is simple in character 
(i,e, contains only a few components) and which gives the desired physical 
properties is always better than one which is more comple:?? (i.e. contains more 
components) and which gives the same or only shghtly better results. 
Obviously it is easier to control and manufacture a simple alloy than one 
which is more complex. The tendency of so many non-ferrous alloy manu- 
facturers to purchase scrap metal (turnings, etc.), and to produce “ new metal ” 
from this material results in many “ doctored ’’ alloys being put on the market. 
While such material may fulfil the mechanical tests specified, it is often found 
that succeeding consignments will vary considerably both as to composition 
and test results and wifi often be found to give trouble in the shop in regard to 
machining. For example, the two halves of a bearing cast at different times 
and consequently from different “ metal ” may be found to machine quite 
differently, one taking the cut of the reamer quite well while the other half 
tears badly and has a rough finish. Another important case is that deal- 
ing with the wearing qualities of an alloy, where the test results may be 
quite satisfactory but the wearing quality very poor. As an actual instance 
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the following particulars of two phosphor-bronze bushes will be of interest. 
These two bushes formed the bearings for a hardened Imuckle pin in an 
aero-engine and were subjected to identical conditions as regards load, 
speed of rotation, and lubrication. Both had been made from material 
accepted by the Government inspectors who witnessed the mechanical tests 
at the makers’ works, and the test results were good. Yet after giving the 
engine only a short run on the test bed it was discovered that one of the bushes 
“ scored ” very badly while the other remained unaffected. When examined 
it was noticed that the colour of the metal of the two bushes was different, 
and on analysis they were found to have the following composition : — 


Copper 

Tin 

Phosphorus 

Lead 

Nickel 

Iron 

Zinc 


Scored bush. 
82*42 per cent. 
8*15 
021 
2*39 
0*03 
0*63 
6*17 


Good bush. 
87*10 per cent. 
10*45 


The presence of so much zinc in the defective bush is undoubtedly the 
cause of its failure, and on examining material lying in stock it was found that 
that which had been supplied by one firm had substantially the same com- 
position as the scored bush while that from another maker agreed with the 
good btish. Thus the tests for tensile strength, etc., failed entirely to discover 
and prevent what amounted to a very serious situation. 

Chief Constituents of Copper Alloys. — ^The principal commercial 
alloys are divided into groups under the following well-known names : — 


1. Bronzes 

2. Brasses 

3. Special Alloys 


Plain Bronze 
Phosphor Bronze 
^ Manganese Bronze* 
Aluminium Bronze 
vGimmetal 
/ Cast Brass 

J Low Brass (Muntz Metal) 

\ High Brass 
( Special Brasses 
t Cupro-nickel 

(German Silver (Nickel Silver) 


There are in addition many more alloys having many different trade i^mes, 
but it would be impossible in the space of this book to deal with them> “ They 
all come, practically speaking, under one of the above headings and can be 
dealt with accordingly. The base of all these alloys is copper, which ;is never 
less than 50 per cent, of the total. This metal when associated with 'tin alone 
forms the basis of the bronze alloys, and when alloyed with zinc alon$ produces 
the brasses. Thus the distinctive feati^e of a bronze alloy is the presence of 
tin and of a brass alloy the presence of zinc. 

The approximate compositions of some of the bronzes and brasses are given 
in the following tables. These figures, however, must only be accepted for the 

* Should be classed as a brass. 
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purpose of fixing in one’s mind the general character of the compositioris, 
i,e. as a base on which to build up further information regarding the many 
variations found in practice. A more complete table is given in Chapter XV, 
containing data as to impurities and also the test results likely to be 
obtained. 


Bronzes. 


Description. | 

Copper. 

Tin. 

i 

Zinc, i 

i 

Phosphorus.; 

Principal uses, etc. 

Plain Bronze 

Per cent. 
80 

; Per cent. 
20 

Per cent. 

i Per cent, j 
trace j 

Dies, bells, bearings. 

Plain Bronze 

90 

10 j 

— 

trace 

Pumps, collars, bearings. 

Phosphor Bronze 

91 

1 9 

— 

0-5 ; 

Gears, worm wheels, etc. 

Phosphor Bronze 

88 

11 

■ — 

10 

Hard bearing metal. 

Gunmetal 

88 

10 

2 

— , 

Admiralty gunmetal. 

Aluminium Bronze 

92 



! 

8 per cent, aluminium. 


Brasses 


Cast Brass 

66 


34 


All classes of castings. 

Low Brass 

60 

— 

40 

— 

Yellow brass — hot rolled 
(Muntz metal). 

High Brass 

70 

— 

30 

i 

For tubing — rods and wire 
(draws well). 

Manganese Brass 

1 56 

1 

41 

i : 

! 

1 

1 

0*5 per cent, manganese, 1 
per cent, iron, 0*5 alu- 
minium. for Propellers and 
all strong castings. 


Special Copper Alloys. 


Description. 

j Copper. 

Nickel. 

Zinc. 

1 


: Per cent. 

Per cent. 

Per cent. 


Cupro-nickel 

; 60 

40 

— 

— Constantan-Electrical resist- 

ance wire. 

>> >> • • 

1 80 

' 20 

— 

— Similar^ to bullet envelope 

metal. 

German Silver . . 

98 

2 

— 

— 1 Tubing — rods and wire. 

50 

20 

30 

— - ! Now known as nickel silver. 

1 1 

1 ' 


These tables do not include the various impurities associated with such aUoys ; 
these will be dealt with later. For the present the behaviour and influence of 
the main constituents will be explained. 

Tin. — ^Apart from copper, tin is the principal constituent in bronze and 
gunmetal. Theoretically, tm is dissolved in copper to the extent of about 
13 per cent, the solid solution being given the name “ Alpha constituent, but 
in actual practice a less amount is dissolved. This is brought about by the 
fact that an alloy of 10 per cent, tin when cooling normally freezes too 
rapidly to attain to homogeneous equilibrium. This same alloy, however, if 
cooled very slowly , would consist entirely of the alpha phase (solid solution). 
In practice, the first portions to solidify are richer in copper than the average 
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composition of the mass, and the successive portions freezing contain 
increasing proportions of tin ; thus at the moment of final solidification the 
portions that are liquid last are so rich in tin as to solidify as a separate 
constituent (or phase) known as the beta ” phase. At about 600° C. a 
transformation occurs (in the solid state) whereby this beta phase decomposes 
into two phases : one being the alpha constituent (of similar compositton 
and properties to the primary alpha crystals), and the other being known as 
the “ delta ” constituent (or phase), corresponding approximately to the com- 
pound Cu 4 Sn in composition, and possessing greater hardness even than that 
of the beta phase. 

Thcr%5qnstituent resulting from the decomposition of the beta phase is 
thus duplex, of reticular form, and is known as the alpha and delta eutectoid. 
The alpha phase appears (under the microscope) as a bronze-yellow con- 
stituent and the delta phase is white with a tinge of blue. 

By heating the alloy for a short time above 500° C., the alpha and delta 
crystals of the eutectoid mutually dissolve one another to form again the 
beta phase and, if the time of heating be sufficiently prolonged, these beta; 
phase crystals are entirely dissolved by the primary alpha crystals, of which 
the alloy henceforth solely consists, whether cooled quickly or slowly. 

The temperature best suited to effect this change of structure is 700° C., 
and for most castings a period of half an hour at that temperature will be 
sufficient. An increase of temperature involves the risk of coarsening ihe 
grain (with accompanying weakness) or even of incipient fusion. 

Prom the above it will be seen that with alloys containing 10 per cent, of 
tin the casting wiU consist of two constituents : the solid solution whi^ is 
tough and the delta constituent which is hard and brittle. On heat trea^g 
this alloy, however, the latter constituent can be made to disappear and the 
alloy then consists wholly of a solid solution. Both states of the alloy are of 
service, the first with its hard constituent being most suitable for bearings or 
other frictional parts, while the second or heat-treated state is better for 
pressure work such as hydrauhc fittings, etc., since it is less porous and is the 
stronger. The heat treatment of this alloy is dealt with more fully in 
Chapter X. 

Tin does not increase the strength of copper by a large amount, but it 
facilitates the production of castings and forms an alloy which is mpre machin- 
able than copper. When added in amounts less than 6 per cent, an alloy 
(bronze) is found which is malleable and can be rolled and draira cold into 
sheet or wire. Above this amoimt the alloy cannot be rolled with ease, while 
at 9 per cent, the formation of the delta constituent entirely prevents working 
except at dull red heats (700° C.), when it can be rolled or forged. If heat 
treated as explained above, a certain amount of work can be put into it. 

Wlien an alloy having a combination of strength, elasticity, toughness, 
and abihty to withstand shock is required the proportion of tin should be 
between 8 and 11 per cent. Larger amounts are used for alloys like bell metal, 
containing from 15 to 25 per cent. tin. 

The microstructure of an 8 per cent, tin alloy is shown in Fig. 96. 

Phosphorus. — ^Phosphorus is added to bronzes and similar alloys with 
the object (1) of reducing any oxides which may be present in the molten 
metal, and (2) of producing an alloy containing a definite proportion of phos- 
phorus. 
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In the first case only sufficient phosphorus is added in the form phosphor- 
copper (or phosphor-tin) to effect the reduction of the oxides. The reaction 
results in the formation of oxide of phosphorus which, owing to its acid character, 
combines with the remainder of the oxides and passes into the slag in the form 
of phosphates. If the amount added is in excess of what is required for 
reduction purposes the final alloy wOl contain a Httle phosphorus, but such an 
alloy, even though it may be called phosphor bronze, must not be confounded 
with those alloys containing phosphorus in quantities of 0*2 to 2 per cent. 
The effect of those larger amounts will be dealt with later. 

This purifying action of phosphorus renders the alloy much more fluid and 
produces castings which are free from pinholes, and are much tougher than 



Fig. 96. — Micrograph of Phosphor Bronze (Cu 91 '68, Sn 7 ‘99, P 0'05), showing the 
Alpha Solid Solution and the Eutectoid. Magnification 1^0 diameters; etched 
with ferric chloride. 


those of ordinary bronze. It is doubtful whether any bronzes are produced 
now without the use of phosphorus as a reducing agent for removing the 
dissolved oxides. 

When phosphorus is added in such quantities as to remain in the alloy as 
a definite constituent it will be found to have combined with the copper, form- 
ing phosphide of copper (CU 3 P), which is slightly soluble in copper but which 
usually separates out as a eutectic with copper. When tin is present in 
amounts sufficient to form a separate phase (known as the delta phase and 
approximating to the composition Cu 4 Sn) the latter is associated with the 
phosphide and with some copper-rich alpha solid solution as a ‘Hriple’' 
eutectic. The two compounds having nearly the same colour are difficult to 
distinguish from each other, although the phosphide has a slightly deeper 
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cast of blue. This triple conglomerate is shown in Fig. 97, which is a 
micrograph of a phosphor bronze containing 88*4 per cent, copper, 10*7 per 
cent, tin, and 0*9 per cent, phosphorus. 

Phosphide of copper is a very hard and brittle compound, nearly as hard 
as hardened tool steel, while the eutectic formed, although softer, is still very 
hard. Thus an alloy containing much of this constituent will be hard but wdl 
not be ductile, which explains why many phosphor bronzes containing over 
0*2 per cent, of phosphorus cannot be roUed or drawn. When tin is present 
to the extent of over 8 per cent, the compound Cu 4 Sn formed also prevents 
rolling and drawing. 

The hardn^;^ of phosphide of copper is a valuable property in so far as 
it make'fe thl^“^alloys very useful for bearings. Its presence as small hard 



Fig. 97. — ^Micrograph of Phosphor Bronze. Magnification ] 50 diameters. 


particles supported by the softer tin-copper soHd solution fdf^ a structure of 
the right character for bearing surfaces. Its extreme Badness, however, 
renders it unsuitable for mild steel shafts, etc., owing to tKdrtendency to score 
them, but for hardened steel frictional surfaces it is particujarly good. 

The strength of a bronze (tin-copper alloy) is increas^ by slight additions 
of phosphorus owing to its deoxidising action and consequent purifying of the 
alloy, but as the percentage of phosphorus is raised the strength and ductility 
fall off. With 1 per cent, phosphorus the elongation on 2 inches is only about 
2 per cent. Thus its use as a bearing metal is not demonstrated by tensile 
tests, its real value in that direction being dependent on the presence of the 
hard particles already mentioned. 

Lead. — ^This metal is practically insoluble in copper and bronze and 
nearly always separates out in globules or as a network surrounding the 
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primary crystals. It has therefore a very serious effect on the strength of 
copper, producing brittleness. 

In a good bronze the amount of lead should not exceed 0*15 per cent. 
When, however, strength is not of great importance a larger amount is per- 
missible or even desirable since it improves the machining quality of the aUoy. 
For bearings lead is purposely added in large amount as it increases the plasticity 
of the bronze. A well-known brand contains about 4 per cent, and there are 
special bearing bronzes containing as much as 30 per cent. lead. The lead 
does not remain in solid solution, but appears in the form of very small 
globules, and if the proportion is high it tends to segregate or even separate 
out into a separate layer. This defect is overcome to some extent by chill 
casting. 

Since lead melts at 327^' C. it is clear that any alloy containing a marked 
amount will be useless at high temperatures. 

In a high-grade brass the lead should not exceed 0*10 per cent., but where 
ease of machining is the greatest consideration amounts up to 2*0 per cent, are 
permissible. The lead being in a free state enables the turnings to break off 
readily along the lines of weakness caused by its presence. It would also 
appear that the lead acts as a lubricant, thus permitting higher machining 
speeds, and producing a better finish. 

Nickel is sometimes added to prevent segregation of the lead should this be 
present in large amount. Apparently it assists in the formation of more com- 
plete network, which retains the lead, as it were, in a number of closed 
compartments. 

Zinc* — ^This metal behaves in a variety of ways when alloyed with copper 
and the alloys are very complex, depending on the proportion of zinc present. 
Over the range of alloys used commercially, however, the behaviour is compara- 
tively simple, and it is only these that will be considered here. 

The copper-zinc alloys are those chiefly known as brass, and their proportions 
usually come within the limits of 30 to 63 per cent, of zinc. Up to about 37 
per cent, the zinc goes into solid solution in the copper, probably as a compound, 
but above this another solid solution is also formed. Thus, at ordinary 
temperatures, brasses with less than 37 per cent, zinc are one umform con- 
stituent, but with more zinc they consist of two constituents. The first can be 
rolled cold and dra^vn, but the second can be rolled hot with ease. Hot work- 
ing is possible with the first, if very pure. 

The structure of a rolled bar of brass containing 57*6 per cent, copper, 
39*8 per cent, zinc, and 2*5 per cent, lead is shown by Fig. 98. The two con- 
stituents are clearly distinct. 

Zinc raises the tensile strength from 14 tons per square inch for pure copper, 
tp about 30 tons per square inch for an alloy containing 45 per cent, zinc, after 
which further additions cause a rapid fall until at 50 per cent, it is practically 
nothing. The ductility, as shown by the elongation, increases from 32 per cent, 
for copper to a maximum of 56 per cent, at about 30 per cent, zinc, 70 per cent, 
copper, and then falls off to almost nothing at 50 per cent. zinc. 

Zinc is often added to tin-copper alloys with the object of producing a more 
fluid metal. It acts as a deoxidiser, zinc oxide being formed and coming to the 
surface. Up to about 2 per cent, zinc does not affect the mechanical strength 
of the alloy, but above this it weakens the metal and reduces its ductility. In 
small amounts the zinc appears to be dissolved in the tin-copper solid solution. 



154 MATERIALS & DESIGN 

Castings containing zinc are usually freer from pinholes and other defects of 
this kind. 

Iron. — Small amounts of iron in bronze or brass increase its strength and 
hardness. It appears to combine with the zinc or dissolve in it and takes up 
the form of small globules which are bluish in colour. A brass kno^vn as 
Delta metal generally contains iron up to about 2 per cent., but also has small 
proportions of aluminium and manganese present. The al uminium is probably 
added to overcome the sluggishness of the metal during pouring, brought about 
by the addition of iron. 

. Manganese. — ^This element is often added to copper-zinc alloys (brass) 
to form what are known as manganese bronzes, although they are, strictly 


Fig. 98.— Micrograph of Rolled Brass Bar (Cu 57% Zn 39% Pb 2-5), showing Alpha and 
Beta constituents. Magnification 150 diameters; etched with ferric chloride. 



speaking, brasses. The analysis of some of these special broh^ often reveals 
little or no manganese whatever, but this is explained by the fact that manganese 
acts as a deoxidiser like phosphorus and has therefore been more or less com- 
pletely used up in purifymg the metal. 

Manganese goes into solution and is not seen under the microscope, but as 
most manganese bronzes contain iron and aluminium as well, their structure 
is somewhat different to ordinary brasses. Figs. 99 and 100 are micrographs of 
a manganese bronze rolled bar and a hot stamping respectively. The bar is a 
typical structure, but the structure of the stamping is bad from the machining 
point of view and in actual practice “ dragged ’’ badly. 

Manganese increases the tensile strength of the alloy, so also does the iron 
which usually accompanies it. Aluminium is added to facihtate the pouring 
and the production of sound castings. Usually the amount of manganese 
varies between 0 and 2 per cent. 
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Aluminium. — ^This metal is added to copper to form a series of alloys 
knowm as “aluminium bronzes.” These may contain up to 11 per cent, of 



Fig. 09. — ^Micrograph of Normal Manganese Bronze Bar. Magnification 150 diameters ; 

etched with ferric chloride. 



Fig. 100. — ^Micrograph of Manganese Bronze Hot Stamping. Metal difficult to machine 
— tears badly. Magnification 75 diameters ; etched with ferric chloride. 


aluminium. Over this range the constitution of the alloys is comparatively 
simple : up to about 7*4 per cent, the aluminium goes into solid solution and 
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the metal is homogeneous, while above this, and up to about 10 per cent, a 
second constituent appears which is dark coloured. 

Aluminium increases the tensile strength and especially the ductility, but 
,when the propprtion exceeds 7*4 per cent, the latter falls off considerably while 
the tensile sti^gth increases more rapidly. 

The effect of heat treatment on those alloys containing less than 7*4 per cent, 
aluminium is very slight, and their strength is not altered much by annealing 
or by quenching in water. The higher alloys, containing over 7*4 per cent, 
aluminium are, however, much affected and the dark hard constituent referred 
to above gradually changes, its structure disappearing. It appears to be in 



Fig. 101. — ^Micrograph of Aluminium Bronze* (Cu 91 *75 per cent., A1 8’05 per cent.). V 
Magnification 75 diameters; etched with chromic acid. ‘ 

an unstable state until subjected to prolonged annealing. These alloys when 
quenched have a much higher tensile strength. The heat treatment of these 
alloys is dealt with more fully in Chapter X. 

Aluminium is sometimes found in ordinary bronzes and la^sses. When 
present in small proportions it increases the tensile strength, liut it causes a 
serious falling off in the ductility and should not exceed about 2*0 per cent. 

Nickel. — ^This metal forms some useful alloys with copper. The metals 
appear to be soluble in each other, and the structure of the alloys produced 
is quite simple. During cooling, especially if rapid, the portions which crystal- 
lise first are richest in nickel and the succeeding portions are poorer. Thus the 
crystal grains may be richer at the centre than at their boundaries. 

Defects and Faults^in Materials as revealed by the Microscope 

A few examples of the more common defects or faults found in commercial 
materials are collected and described in the following pages. Many other 
faults are found in practice, and occasional reference is made to these in subse- 
quent chapters. 
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Steel. — ^The rolling or cogging down of an ingot of steel has the effect of 
elongating the separate dendrites or crystals, with the result that a laminated 
or banded structure is obtained. This is illustrated by Fig. 133, Chapter X, 
where the effect of cogging down is shown at three separate stages. A typical 
case of this laminated structure is shown in Fig. 102. 

Another case, but where the material is a 4 per cent, nickel steel, and where 
the specimen is etched with Stead’s cupric reagent, is shown by Fig. 103. The 
structure is very laminated. 

This form of structure can be rectified by suitable heat treatment and is 
generally not dangerous. Fig. 104 shows the effect of heat treatment on the 



Fig. 102. — ^Micrograph showing Banded Structure due to Segregation or Coarse Crystal 
Growth in original Ingot, and the effect of Rolling. Steel 0*4 per cent, carbon- 
This is a common structure for billet steel. Magnification 150 diameters ; etched 
with picric acid. 

nickel steel just referred to. The laminations are not entirely removed, but no 
doubt a further heating would produce a uniform structure throughout the mass. 

This ordinary banded structure must not be confounded with the more 
serious form, consisting of seams or streaks of impurities such as slag, sulphides, 
phosphorus-rich iron, oxide inclusions, etc. Such defects are generally due to 
the cavities which form in the cast ingot during solidification. These nearly 
always exist in the centre or axis of the ingot because this portion is the last 
to cool and contain most of the impurities like slag, phosphorus, sulphur 
and sometimes oxides of manganese and iron. The size and shape of the ingot 
mould has a lot to do with the presence of these cavities, and their position 
in the ingot. Also there is ho question that the temperatures of the steel 
during making and during the actual pouring or teeming have a considerable 
influence on the soundness of the material. 

In the subsequent processes of cog^^ down and rollmg;^of the ingot a 
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Fig. 103.— Micrograph of 4 per cent. Nickel Steel etched with Stead’s Cupric Beagent, 
showing badly Laminated or Banded Structure. This steel in the hardened state 
would break away in flakes. Magnification 150 diameters. 



Fig. 104.— Micrograph of the s^e Steel as Fig. 103, but heat treated to reduce 
B8p&d.6d. Structur©, which, as will b© S6©n, is not* compl©t©ly ©liminated. JVlagnification 
150 diameters ; etched with picric acid. 
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number of the cavities are welded up, but where slag or other impurities are 
present this cannot happen, and, in consequence, these are drawn out with the 



Fig. 105. — Micrograph showing Slafe Streaks (black ragged lines) in Mild Case-hardenLig 
Steel. Magnification 200 diameters ; etched with picric acid 



Fig. 106. — ^Micrograph showing cross-section of Slag Streaks in a Medium Carbon Steel 
Forging. Magnification 150 diameters; etched with picric acid (slag black, carbon 
bleick, ferrite white). 

metal into streaks or seams which break the continuity (transversely) of the 
material. Examples of such streaks or “ inclusions ” are shown in Figs. 
105, 106, 107, 108, and 109. Of these the first four show the presence of slag 
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which is seen as a black-looking streak with ragged edges. Fig. 109 shows 
inclusions of manganese sulphide running right across the centre. The presence 



Fig. 107. — Micrograph showing Slag Streaks and Banded Structure in Medium Carbon 
Steel (0*4 per cent, carbon) Billet. Magnification 75 diameters; etched with picric 
acid. 



of slag in small amounts is of little danger, but when present in amounts as 
represented by Fig. 105 or Fig. 106, the steel should be condemned for 
reliable work. 
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Phosphoms is ^sociafed with many segregation troubles and is responsible 
for persistent banding or lamination. It exists in zones or bands dissolved in 



Fig. 109. — ^Micrograph showing Streaks of Manganese Sulphide (grey) and also Slag 
(dark ragged streaks) in ihild Case-hardening Steel. Magnification 200 diameters ; 
etched with picric acid. 



Fig. liO.—Micrograph showing Cr^k in Medium Carboii Steel B«u*. View of cross 
section with edge, of fear shoi^ifing (top). Note i^e deficiency of carbon areas in the 
vicinity of the crack. ; Magnification 60 diameters ; etched with picric acid. 
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the iron, and as these bands are often freer from carbon than the rest of the 
material they can picked out as white bands (sometimes called “ ghost 
lines ”). In many cases the cracks found in bar steel are due to a segregation 
defect of this kind. Jigs. 110 and 111 are examples of a crack found in a 
bar of medium carbon (0*4 per cent.) steel IJ inches diameter. 

Fig. 110 shows the cross section of the bar near the surface, the actual edge 
of the bar being shown. The path of the crack towards the interior is quite 
clear. The path of the crack along the bar is shown by Fig. Ill, which is a 
section taken parallel to the axis of the bar, and about 2 mm. below the surface, 
lii both cases the comparative absence of carbon areas round about the crack 
will be noticed. 



Fig. 111. — Same as Fig. 110, but showing Crack running along the Bar. View about 
2 mm. below surface of bar. Note the deficiency of carbon areas in the vicinity 
of the crack — probably due to phosphorus segregation. 


Such a zone or band by reason of the absence of carbon must be weaker 
than the remainder of the material, and, during the rolling and reheating, any 
tendency to crack will naturally take effect in this band, particularly if there 
is much phosphorus present. ; ^ 

Mother possible explanation for cracks of this kind is the rolling in of 
fins of metal during the manufacture of the bar. These fins are decarburised 
during hea;ting prior to roUing, thus accounting for the lack of carbon in the 
vicinity of the crack. Spongy ingots are another possible scMirce of trouble. 

Overheating is a common source of trouble and usually occurs in the drop 
stamping or forging shops. 

Examples of overheated steel are shown in Figp. 112, 113, 114, 115, 116, 
117, and 118. 
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When the steel is actually “ burnt ” it is worthless and no method of heat 



Fig. 112. — Micrograph of a Mild SteeljStamping. The metal has been heated to so high 
a temperature that it is actually burnt. Note the peculiar formation of the grain 
boundaries. Magnification 150 diameters; etched with picric acid. 



Fig. 113. — Same as Fig. 112, but a view close to the surface of the stamping showing 
how completely the metal has been decarburised (no carbon areas being visible). 
Again note the double boundary lines of the grains — due, presumably to oxidation. 
Ma^ification 150 diameters ; etched with picric acid. 



Fig. 114. — Micrograph of a Mild Steel Stamping which has been ‘‘Burnt,” showing 
serious oxidation in the interior of the metal. Note the oxide inclusions (black 
patches, one large one in centre), and the thickness of the grain boundaries. Mag- 
nification 150 diameters; etched \Wth picric acid. 



Fig. 115. — Micrograph of Medium Carbon Steel which has been seriously overheated 
and partially “Burnt.” Note the formation of the grain boundaries (white) and 
the black line or dots running along their centres, also the coarse broken -up formation 
of the grains themselves. Magnification 75 diameters ; etched with picric acid. 

115. Steel which has been simply overheated can be recovered by heat treat- 
ment. although this may have to be a very prolonged operation, A stamping 
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made from medium carbon steel at a temperature about 1 ,350° C. had the struc- 



Fig. 116. — Micrograph showing Structure of Overheated Medium Carbon Steel Stamping. 
Note the coarseness of the grain boundaries and the spine growth or cleavage lines 
in the grains. This stamping was forged at 1360° C., and finished at about 1 100° 0. 
Magnification 75 diameters ; etched wdth picric acid. 



Fig. 117. — ^Micrograph of same stamping as Fig. 116, but showing the Effect of Heat 
Treatment. Note the refinement of the grain structure, also that diffusion is not 
complete. This structure is still capable of further refinement. Magnification 75 
diameters ; etched with picric acid. 

ture shown by Fig. 116, but by heat treatment the structure was considerably 
refined as is shown by Fig. 117. This, although much finer, is not yet first 
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Fig. 118. — Micrograph showing Structure of Overheated Nickel Chrome Steel. Note 
the lack of uniformity and how difficult diffusion will be when a restoring treatment 
is applied. Cut from a gear wheel stamping forged at too high a temperature. 
Magnification 150 diameters ; etched vdth picric acid. 



Fig. 119. — Micrograph showing Structure of “ Cold -worked ” Medium Carbon Steel. 
View taken at radius of middle web in “ H ” section connecting rod stamped at too 
low temperature. Note the distorted form of the grains. Magnification 150 
diameters ; etched with picric acid. 
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class. Overheating in the case of alloy steels is very serious because of the 
extreme difficulty in restoring their structure. An example of overheated 
nickel chrome steel is shown by Fig. 118. 

Ct^ld working also occurs sometimes and as an example Fig. 119 is giv^en. 
This shows the metal situated at the inside radius of an “ H section con- 
necting rod. The thin section of the rod and the ease with which it cooled 
is responsible for the punishment the metal has received. 

Malleable Iron. — ^An example of a poor malleable iron casting is shown 
in Fig. 120. This structure indicates that the casting as originally cast was not 



Fig. 120. — ^Micrograph showing Structure of Brittle Malleable Iron Casting (Blackheart). 
Note graphite flakes, showing that original casting must have been partly grey 
instead of completely white (i.e. all carbon in the combined form). Other portions 
of same casting were free from graphite flakes, while some parts had a few flakes 
here and there, showing that casting was more or less mottled. • Silicon = 1 ‘1 per cent. ; 
section of metal J inch. Magnification 150 diameters ; specimen polished only. 

white iron but contained graphite flakes like grey iron. This is due to the 
presence of too much silicon. 

Heat Treatment. — ^Most cracks seem to develop during heat treatment 
(although this usually is not at fault). An example of a crack running inside 
the metal parallel to the surface is shown by Fig. 121, which is a micrograph of a 
piece of case-hardened nickel steel. The crack exists in the zone between the 
“ case ” and the core, namely, where the percentage of carbon falls off to about 
that of the core itself. In this particular instance the part had been carburised 
at a very high temperature, 1 ,050° C., and in consequence the line of demarcation 
between the core and case was very sharp. This source of trouble, usually 
referred to as enfoliation, is more usual wdth carbon than wdth nickel steels. 
The hardening sets up a high tensile stress in the case and as, in this instance. 




168 


MATERIALS & DESIGN 

this steel Very full of slag streaks, a crack has developed at the weak 
point shown in Fig. 122, and running from the surface via two or three slag 
streaks, has reached the line of demarcation and a cleavage crack has simply 



Fig. 121 . — ^Micrograph showing Crack in Case-hardened N ickel Steel. Crack runs parallel . 
to surface in a zone where the high carbon falls off to the low carbon core. The 
line of demarcation between the core and case is too sharp, due to carburising at ; 
too high a temperature. Magnification 150 diameters ; etched with picric acid. 



Fig. 122. — Same as Fig. 121, but shows Crack running out to Surface and also how 
the slag streaks (spots) assist its passage. Magnification 150 diameters; etched 
with picric acid. 

run along this line, and the case has almost peeled olBf. The manner in which 
the crack proceeds from slag streak to slag streak (shown in section by round 
black dots) is shown more clearly in Fig. 123, which is a photograph at a 
higher magnification (300 diams.) of a portion of the crack shown in Fig. 121 . 
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Fig. 123. — Same as Fig. 121, but at a higher magnification showing more clearly how 
the crack proceeds from slag streak to slag streak (round black dots). Magnifi - 
cation 300 diameters ; etched with picric acid. 



Fig. 124. — -Cracks produced on Surface of Case-hardened Camshaft by Grinding 
Operation. Phosphorus in case 0*044 per cent, (normal), nickel 2*5 per cent. 
Magnification 25 diameters ; specimen simply polished. 
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Another source of cracking of the “ case ” of case-hardened parts is the 
grinding operation. Such cracks are often very difficult to find at first, but 



Fig. 126. — Micrograph of Defective Aluminium Bronze Casting, burst during drilling 
operation. Note coarse structure due to casting at too high a temperature. Mag- 
nification 75 diameters ; etched with chromic acid. 


4 



Fig. 126. — ^Micrograph of Aluminium Alloy Casting showing normal good structure 
free from blowholes. Magnification 75 diameters ; etched with caustic soda. 


they usually open out and can be seen after a few days. An example of 
grindii^ cracks is shown in Fig. 124. 





CHEMICAL COMPOSITION & MICRO-STRUCTURE 171 
With non-ferrous alloys ajcoinmon^trouble is casting at too high a tempera- 



Fig. 127.— Micrograph of Aluminium Alloy Casting, same' composition as that Fig. 126, 
showing presence of blowholes and dross ; very poor. ^^Magnification 75 diameters ; 
etched with caustic soda. 



Fig. 128. — Micrograph of Drawn Copper Tubing, defective because of the oxide or scale 
contained in the metal (shown as black oval patches). Composition good, but 
metal very brittle. Maghification 150 diameters ; etched with ammonia. 

ture or sometimes at too low a temperature. An example of the coarse 
structure resulting from the first is shown in Fig. 125, which is a micrograph of 
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aff aluminium bronze casting which kept bursting while being drilled. The 
metal had no strength and split quite readQy. In the case of aluminium 
bronze alloys a similar structure results from quenching. 

Aluminium alloys often prove to be porous and are sometimes so bad that 
their strength is greatly impaired. The difference between a good casting and 
one that is very porous is shown by Figs. 126 and 127. 

An example of defective copper is shown by Fig. 128. This micrograph 
shows the structure of a piece of copper tubing which, on analysis, was found 
to be very free from the usual impurities, but contained a proportion of oxide. 
This oxide is clearly shown by the black oval-shaped masses w^ich in all proba- 
bility are pieces of scale not removed before rolling or drawing, but have been 
forced into the body of metal and, during rolling or drawling, have broken up 
and become distributed over the material. It will be noticed that in places 
the pieces appear to run in chains, and that the copper has actually been cut 
by the scale as it has separated and been drawn apart. The actual effect on 
the material w^as its tendency to split longitudinally, a fault w hich rendered 
it worthless. 
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THE HEAT TREATMENT OF STEEL AND OTHER MATERIALS 

Strictly speaking the heat treatment of steel commences with the reheating 
of the ingot for rolling or cogging down into billets, bars, or whatever form it 
is to be put on the market. This and other heat treatments, such as annealing 
during rolling or drawing, are carried out by the steel maker and the rolling 
miU people, and therefore in one way do not concern the user, who has to 
fashion his products from the steel as supplied. Although the engineer may 
not be concerned about this previous treatment, he will soon find that it has a 
considerable influence on the quality of the final material, and that it is necessary 
for him to watch out for many failings in the steel which if overlooked may lead 
to disaster and loss, both of Hfe and money. 

This important fact regarding the condition of the steel on arrival should 
not be lost sight of because, unless the material is in a suitable condition, no 
amount of work on the part of the ‘‘ Hardener will produce a satisfactory 
article. This warning will suffice for the present, but later the whole aspect 
will be dealt with in greater detail. What should be clearly realised now is 
the fact that the heat treatment of steel does not commence in the hardening 
shop (or, using its more modem title, the Heat Treatment Department 

Some Theoretical Considerations 

In Chapter VIII the effect of heating and cooling steel is explained and the 
changes in its constitution that take place at certain temperatures (or change 
points) are given. These changes from one state to another and the properties 
of the different constituents which form at each state are highly important, 
but the means by which certain of these constituents with their associated 
properties are obtained and then retained in the finished steel are more important 
still. So important is it to have a knowledge of these internal changes that 
they are (at the risk of repeating some of the matter already given) dealt with 
here in a manner which enable the engineer to follow the “ mechanism ’’ 
of the more common treatments now in general use. 

The changes during the cooling of a piece of medium carbon steel (0*35 per 
cent, carbon), starting from the liquid state, are shown in Fig. 129, which is the 
same as Fig. 77, and is repeated here for convenience. The properties of the 
constituents mentioned are given in Chapter VIII, and, having a knowledge of 
these and the extent to which such properties are communicated to the steel 
itself, it simply remains to secure their presence in the final product. This 
may be accomplished by heating the steel up to the Ac3 range and then cooling 
it either slowly or rapidly. The constituents present then depend on the 
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rapidity of cooling, because the changes from one phase to the next require 
a certain time in hich to take place, and therefore if this time is not allowed, 
the change cannot take place and the steel will be arrested while in one of these 
phases, and the constituents normal to this phase will be present. Thus if the 
steel is cooled very rapidly (by quenching it in ice-cold water or brine), the 
change from austenite into martensite (see Fig. 129) cannot take place and 
the structure will show the presence of austenite. As a matter of fact, how- 
ever, aust-enite changes very rapidly into martensite and in low carbon steels 

it is very difficult to prevent the 
change taking place, with the result 
that martensite is generally the only 
constituent found (together with 
ferrite in low carbon steels). The 
presence of nickel and manganese 
have a retarding influence on the 
austenite — martensite change and 
in consequence these steels can be 
retained to some extent in the 
austenitic state. 

Slower cooling, by quenching in 
oil for instance, will allow the steel 
to pass through the austenite — 
martensite change and also through 
the martensite — troostite change, 
and the resulting structure will 
probably contain troostite, with 
possibly a little martensite in high 
carbon steels or sorbite in medium 
and low carbon steels. 

Stfll slower cooling, in air for ex- 
ample, will permit the steel to pass 
through more of the changes, and 
it may not be arrested until the 
sorbite phase is reached, and then the structure will be sorbitic or possibly 
pearhtic. 

\^ffien the conditions are such as to produce very slow cooling the steel 
will pass through all the changes without disturbance and the structure will be 
pearlitic. 

The above statements refer to the carbon-containing constituent only. 
The effect of the cooling rate on ferrite is important in so far as it decides 
to some extent to what size the ferrite areas will grow. Slow cooling allows 
the ferrite, as it is thrown out of solution, to coalesce and form large areas, or 
to take the form of a very coarse network surrounding the carbon constituents, 
whereas rapid cooling prevents this, and the ferrite areas will be found to be 
much smaller and more uniformly distributed. 

Should the steel contain more than 0*85 per cent, carbon (i.e, more than 
that required for saturation) free cementite will be formed, and this in very 
slowly cooled steel will be found in the form of a fine network surrounding the 
grains of pearlite (or other carbon constituent). On the other hand, in steel 
which has been cooled at a moderate rate only, the cementite will not be thrown 
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Fig. 129. — Diagram showing the Principal 
Constituents formed during the cooling of 
0*35 per cent. Carbon Steel from a high 
temperature. The different constituents 
are indicated. 
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out of the crystal grains to the boundaries, but wOl be found as needles or plates 
in the grains themselves— a very dangerous form of structure. 

At this stage a warning must be issued, namely, that everything depends 
on the rate of cooling, which it will be clearly understood depends (1) on the 
ratio of mass to surface, and (2) on the medium in which the cooling is effected. 
Thus a thin-sectioned piece, having a large cooling surface compared with its 
mass, may give the same structure when cooled in air as another piece having 
a small surface and large cross-section when cooled in oil or perhaps water. 
In large masses of steel the centre must inevitably cool more slowly than the 
outside, and therefore permit the structure to undergo more changes, producing 
say a pearlitic centre while the outside structure may be sorbitic or even 
troostitic. 

Although the rapid cooling of most carbon steels wiQ produce a martensitic 
structure with fair certaintj?^, there is not the same degree of certainty in the 
production of troostite or sorbite by slower cooling rates. To obtain such 
structures by cooling alone, it is necessary to vary the medium employed and 
sometimes the method for each different article. This is done to some extent 
in practice as in the case of rail steels and structural work, which are cooled in 
air under certain conditions to produce a sorbitic structure. 

It is undoubtedly better to cool the steel at such a rate as to produce a 
martensitic structure, i.e. that in which the carbon constituent is hard, and then 
to reheat it while in this condition to a temperature which will allow the marten- 
site to change into troostite or further into sorbite. The rapid cooling promotes 
a fine-grain structure, giving no time for the ferrite or other constituents to 
coalesce, thus securing the maximum of uniformity, while the reheating can be 
controlled better than cooling, since it becomes simply a question of attaining 
a certain temperature and giving time at that temperature for the steel to change 
into the state required. 

The rapid coohng by quenching is generally referred to as hardening, as it 
produces the hardening constituent martensite, and the reheating is known as 
tempering or toughening according to the constituent produced. 

To understand this reheating Fig. 130 should be referred to. From this 
it will be seen that commencing with a martensitic structure no change takes 
place until at about 180° C., when the martensite begins to change into troostite, 
a softer constituent. This change is referred to as tempering, i.e, the partial 
softening of the hard martensite, and is well known to tool-makers as the means 
for reducing the brittleness so characteristic of hardened steel. Further heating 
, converts more of the martensite into troostite till eventually the whole mass is 
Voostitic and the steel has lost its hard character, but is tough and still not very 
ductile. At 400° C. the troostite commences changing into sorbite and has now 
entered into what is known as the toughening range, which extends from 400° C. 
to about 680° C. This range is of considerable importance commercially, owing 
to the high tensile strength the sorbite formation imparts to mild and medium 
carbon steels and the improved ductility of the material. At the higher 
temperature of this range the steel takes up a partially pearlitic structure and 
eyentually passes into the pearHtic state pure and simple, having the character 
of extreme softness and maximum ductility. 

From the above explanations it is evident that having hardened a steel by 
quenching it, any constituent desired can be obtained by simply reheating it to 
the temperature at which this constituent forms. This is the most satisfactory 
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method of imparting definite properties to the steel, although as explained 
already it may be desirable or even compulsory to obtain the same results by 
the single iieating and controlled cooling method. 

The processes in actual practice for obtaining definite results are known 
under certain well-recognised terms, and use will be made of these terms, thus 
connecting them at once with the brief technical descriptions that follow. 



Fig 130. — Diagram showing Effect of Reheating “ Hardened ” or Quenched Steel (i.e. 
while in the martensitic condition to commence with). 

Normalising. — This process, as its name implies, has for its object the 
reducing of st^l from any other state to its normal state. Commercially 
it is carried out to remove all forging, rolling, and other defects due to working 
and also to reduce the grain size of the material to as small dimensions a^ 
possible. 
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It is often confused with annealing, some writers applying the latter term 
to this process. The results produced by normalising and annealing may often 
be similar, but the objects aimed at are different and therefore the two processes 
should be kept distinct. 

The process is simply that of heating the steel to a temperature above the 
Ac3 range and then allowing it to cool in air at its normal rate. The heating 
to the Ac3 range throws all the constituents into solution and, as explained in 
Chapter VIII, the grain size will be a minimum if the temperature is only just 
above this range. The effects of forging and roUing and other work, however, 
may or may not be removed because they are often in the nature of lack of uni- 
formity, and can only be remedied by diffusion ; a rather slow operation. When 
the finishing temperature * is low, as it should be, the time required for diffusion 
will be short and the temperature need only be just above the^Ac3 range. 
But ff the finishing temperature is high, ^.c. the working or forging of the steel 
has been finished at a temperature much above the upper range, the structure 
will be coarse grained and the ferrite masses large, thus necessitating a longer 
period for diffusion to be completed or, perhaps, a higher “ normalising ” tem- 
perature to facihtate its completion. Both the longer period of heating and 
the higher temperature produce increased grain size and, therefore, if the 
normalising is limited to a single heating a compromise must be effected between 
poor diffusion and grain size, and a temperature will have to be selectea (by 
trial) which will produce the minimum of grain size with the maximum of 
diffusion obtainable. When it is essential that both shall be secured the 
steel must be heated twice, the first heating to well over the upper range to 
facilitate rapid diffusion and the second to only just above the upper range 
to obtain the minimum grain size. Such a treatment may be termed double 
normalising. 

Although the steel is cooled in air the actual rate of cooling will depend on 
the mass and surface, a thin-sectioned piece cooling much more rapidly than a 
thick, massive piece. The resulting structure depends on this cooling rate 
and therefore on the ratio of mass to surface. Slow coohng will allow the steel 
to pass through the different phases or changes undisturbed, eventually reaching 
the pearhtic state normal at atmospheric temperatures. Rapid cooling, on the 
other hand, will overtake these changes and the steel will be arrested in one of 
the transitional phases, and the constituents normal to that phase will be found 
m the steel. Usually the steel is arrested in the sorbitic phase (see Fig. 130), 
and will contain sorbite, but in some cases it may contain troostite due to more 
rapid cooling. 

^ Anne^ng. — ^The object of annealing is to produce a soft ductile material 
suitable pressing and drawing and in many cases to facilitate machining. 

The softel mM most ductile constituent in steel apart from ferrite (pure iron) 
is pearhte ^jMk therefore it follows that a steel with a pearlitic structure will 
be most di^pR^ Now, as explained, pearhte is formed as the result of slow 
cooling, hen|^^^ process of annealing is one involving slow coohng. 

t muSHKthe work to be annealed has been worked either hot or cold 
requ^^Afinement (l.e. diffusion and smaU grain size), the process is 
lentic^Rth that of normalising and the remarks concerning finishing 
ures apfiy in the same manner. In order, however, to secure the 

this is rdsant the temperature at which forging, rolling, or other work is 

finished. 


N 
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pearlitic structure the cooling of the steel is prolonged (by lea\dng the material 
to cool in the furnace for example), so that the changes through the different 
phases are not disturbed. 

This procedure has one failing in so far that the slow coohng promotes the 
growth of large masses of ferrite and also a coarse pearlitic structure. This is 
probably of small importance for the majority of steel parts which are required 
in the annealed state, but if it is important to secure the finest structure possible 
use must be made of the double process outhned on p. 175. In this the steel 
is heated to just above the Ac3 range and then cooled rapidly by quenching, 
thhs obtaining a martensitic or martensitic-troostitic structure. Then it is 
reheated while in this condition to a temperature of about 700° C. and allowed 
to remain at this temperature until the pearlitic structure is formed. By this 
method the fine-grained structure due to rapid coohng through the critical 
ranges is retained and yet the maximum ductility due to the presence of ferrite 
and fine pearlite is obtained. 

Finally attention should be draAvn to the case of very mild steels containing 
OT per cent, carbon or less, w^hich can be quenched in water instead of being 
cooled slowly and wLich by this treatment will often be more satisfactory. 
The rapid cooling j^revents the massing of the ferrite and instead causes the 
carbon constituent to be uniformly distributed in small but many patches, 
and although these may not be entirely pearlitic in character, they w ill be 
in a state probably sorbitic, w^hich although not quite so ductile as pearlite 
will have httle influence on the mass of the steel so far as this property is 
concerned. This sorbitic formation wiU tend if anything to toughen up the 
steel and increase its elasticity, at the same time improving its machining 
qualities by eliminating ‘‘drag.” 

Hardening. — ^This process is one in which the hard constituents austenite 
and martensite are secured in the steel. These are obtained by cooling the steel 
very rapidly from above the Ac3 range and thus preventing the change into 
troostite taldng place, although in low^ carbon steels a certain proportion of this 
constituent is ahvays found. Austenite is not often present, the change into 
martensite taking place so rapidly. Martensite is, however, the harder con- 
stituent and gives the required result. In high carbon steels (above 0*9 per 
cent.) free cenientite will be found which will increase the brittleness of the 
already brittle martensitic structure, thus these steels will have to be treated 
very carefully on account of their w eak structure and because of the ease with 
which they fracture or crack under the stresses set up with such rapid cooling. 
A steel having a whoUy martensitic or martensitic-cementitic structure is of 
little use in practice and it becomes necessary to convert a portion of the 
martensite into troostite, a softer constituent and one which gives the still 
hardened steel a degree of toughness and elasticity. This partial change from 
martensite into troostite is referred to as tempering. 

Tempering. — ^This process, as just explained, is a partial changing of the 
martensite into troostite (see Fig. 130). It is employed for removing the 
extreme brittleness of hardened steel and consists of simply reheating the 
steel to a temperature above 180° C. when the above change begins to 
take place. 

Apart from tool hardening this process in engineering practice has an 
important application in raising the dynamic strength of steels used for gears, 
etc., which must retain the hardness due to martensite and yet possesses 
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some of the toughness due to troostite. Such work is usually reheated to 
about 150° C. (or a little higher) when, in the case of alloy "teels 
particularly, the troostite forms and many of the hardening stresses are 
relieved. 

Toughening. — This process maybe regarded as an extension of the tem- 
pering process, for it is a reheating process following hardening. It is one of 
the most important phases in heat treatment from an engineering point of 
view, for by this means the steel can be given some of its best properties such 
as high tensile strength combined with good ductility and high dynamic 
strength. 

The range of results obtainable is remarkable, especially with alloy steels, 
and the desiied result is well under control, which means easy repetition, a 
factor so important commercially. 

Reference should be made to Fig. ISO showing the effect of reheating 
hardened steel having a martensitic structure. 


Structures. 


Mechanical properties. 


Hardness 

Tensile 

Ductility . . ‘ . 

Dynamic strength, 
Izod impact 


Martensitic. 

Troostitic. 

' Sorbitic. • 

Pearlitic. 

^Maximum 

^Maximum 

^linimum 

Very tough 
Very high 
Poor 

1 Tough 
High 
; High 

Soft 

^Minimum 

Highest 

Minimum 

Poor 

1 High 

Highest 

0° c. 

200° C. 

i 400° C. 

/ Approximate 
670° C. < reheating tem- 
perature 


The above table serves to give a general impression of the properties 
possessed by the different structures shown in this diagram. The changes do 
not take place in steps but proceed gradually from one into another, and while 
doing so the mechanical properties change in like manner. For convenience 
the approximate temperatures are also given, but it must be borne in mind that 
the carbon content affects the results and so also does the addition of nickel, 
chromium, vanadium, and other alloying metals. 

It will be seen that the most useful range is from 400° C. to 670° C., where a 
high tensile strength is obtained combined with high ductility and high dynamic 
strength. On the other hand, the range 200° C. to 400° C. is the least 
serviceable since the steel, although possessing a high tensile strength, is poor 
as regards ductility and dynamic strength. In fact, it may be taken as a 
general rule that if the tensile strength required can only be obtained with a 
certain steel by means of this range then the steel should be abandoned and 
another chosen which will give the desired tensile strength but in the range 
400° C. to 670° a 

This phase of heat treatment, or rather the results that can be obtained by 
it, will be dealt with more fully when considering the individual steels in 
Chapters XI and XII. 
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Practical Considerations 

At the commencement of this chapter reference was made to the question- 
able state of the steel as delivered by the steel suppliers. The importance of 
this will be explained. 

At the outset it is necessary to appreciate that steel, whether “ plain 
carbon ” or “ alloy,” in its “ natural ” state (e.e. rolled, drawn or forged, etc.), 
does not possess the best physical properties which are so desirable and 
which commercial practice demands. Further, the condition or structure is so 
inconsistent and variable that it cannot be considered safe to use such 
material in such a state. It has now become a recognised fact that heat 
treatment is not only advisable, but in the majority of cases absolutely 
necessary. 

There is another advantage gained by heat treatment, and that is the possible 
substitution of a cheaper steel for a more expensive one such as an alloy steel, 
gi\dng the cheaper steel such treatment as will produce results equivalent to 
those obtained from the more expensive steel which has not been heat treated, 
or which has received onl3’’ a very simple treatment. 

When does Heat Treatment commence ? — This is a point vei^ often 
overlooked by manufacturers who are apt to apply certam instructions to 
manufactured parts without considering what state the steel is already in, 
with the result that in many instances unsatisfactory results are obtained. 
This applies particularly to forged parts — drop stampings which may be 
produced at various temperatures and with a varying amount of work put 
into the material, the result being coarse crystallme structures, or good fine 
structures, as the case may be. Even in bar material such as mild steel it will 
be found that the makers have given little attention to the condition of the 
structure, and in many cases bars having coarse crystalline structures will be 
supphed. In fact, it may be said, imfortunately but truly, that many steel 
manufacturers do not appear to understand or, at any rate, are incapable of 
heat treating correctly the material they supply. It will be clear that a 
specified heat treatment will not give the same results in a rolled bar w^hich 
has been more or less overheated as in a bar rolled at a much lower heat. 
Thus some knowledge as to the previous treatment of the material is required 
before uniformly successful results can be obtained in the hardening shop of an 
engineering firm. 

That the varying state of the material before treatment is responsible for 
the varying results obtained in many hardening shops is not appreciated, and 
that failures due to it are often wrongly attributed to lack of skill on the part 
of the hardener, is quite a common case even at the present time. When the 
steel is supplied in good condition it is often spoilt during forging, with the 
result that the hardener blames the steel maker and a controversy is set up 
between two innocent parties, while the real cause of the difficulty is over- 
looked. 

Heat treatment is therefore a process commencing at the steelmaker’s 
works during reheating prior to the operation of cogging down and rolling, 
and continued by drawing or forging, and then finished finally in the works 
of the engineer. The greatest offenders so far as the iU-treatment of steel is 
concerned are usually the drop stampers and forgers, and it is advisable to 
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realise how the material is treated during the making of drop stampings and 
forgings. 

To obtain consistent results it is necessary to start from the same point ; 
uniform results cannot be expected from diverse starting-points, and hence a 
preliminary treatment such as normalising is important. This treatment 
tends to put the steel into what may be described as the normal state, and 
this gives a uniform starting-point. 

Drop Stampings and Forgings. — ^With forging should be considered 
the operation of cogging down and rolling of the steel when supplied in bar or 
billet form. These initial operations are too often neglected by the steelmaker 
in so far that the heating previous to rolling is not controlled. The practice, 
at present so common, of employing furnaces which are run at too high 
temperatures and which are so badly designed that the metal is unequally 
heated, is reaUy responsible for much defective work. Thus all material 
supplied as billets or as black or rolled bar, supplied by other than well-tried 
makers, should be carefully examined and tested. Defects in the original 
ingot are often carried right through to the rolled bar and may eventually exist 
in the finished stamping or forging. Leaving these original defects for the 
moment, the further matters to be considered are the effects of over and 
unequal heating. 

What has been said about the steelmaker and the rolling-miU people applies 
with even more force to the drop stamper and forger. The tendency of these 
workers to overheat or badly heat the steel is very great, and forms a serious 
obstacle in the production of really good work. It is impossible to give too 
much attention to the steel at this stage, and the time and trouble so expended 
will be amply repaid by the successful results obtained from the subsequent 
heat treatment of the parts manufactnred. 

Briefly, the correct conditions * of heating for forging are (1) the use of a 
furnace wliich is run at the correct forging temperature, or at the most only a 
little higher. (2) Heating the material uniformly and thoroughly, allowing 
plenty of time for the heat to soak right through the piece. 

Instead of this it is usual to employ furnaces which are so badly designed 
that one portion of the billet will be at a ‘‘white heat ’’ when another 
portion is only just ‘‘ red.” Another condition is one that will give surface 
temperatures which are apparently correct while the centres are really quite 
cool and much below the forging temperature. Iir other cases a billet, 
when removed from the furnace, will splutter and drop while the centre 
is yet too cold, in many cases the steel is heated through to so high a tempe- 
rature that it is shaped by only a few blows, unless, of course, it happens to 
fly to pieces. The result of such high temperatures is shown by Rg. 131, 
representing a large nickel steel forging which had cracked during use. The 
large crystalline structure and the spine growth of the ferrite are clearly 
shovm and are responsible for the breakdown. 

Further examples of overheating are given in Chapter IX. 


* Although these conditions are stated, the authors appreciate the commercial 
aspect of drop stamping which almost compels the trade to adopt speedy heating 
methods. At the same time there are a number of drop stampers who have installed 
well-designed furnaces in which the steel is thoroughly and uniformly heated without 
overheating. 
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While it is possible to correct many of the ill effects of this disastrous 
practice, it should be borne in mind that the][treatment required to do this is 
expensive. 

Further, such special refining treatments are not always successful, for if the 
steel has been severely overheated it can only be restored by prolonged anneal- 
ing, or by many successive treatments, and th's ceases to be a commercial 
proposition. If the steel has actually been burnt, as sometimes happens, then 
nothing short of remelting, etc., wiU make it serviceable again. 

So severe is this faulty practice, and so hidebound are the workers 
in their old and crude methods, that it is absolutely essential that all forgings 
and drop stampings should be tested either in the rav' state or after an ordinary 
normalising treatment. 



Fig. 131 . — Micrograph showing Coarse-grained Structure in Nickel Steel due to Oyer - 
heating for Forging. Note the tendency to spine growth of the ferrite (\yh^). 
Magnification 1 50 diameters ; etched with'picric acid. > 

Unfortunately the forging and stamping of alloy steels is often done,$i^ by 
side M ith mild or medium carbon steels and the same men work interi^t&ntly 
on either class of steel. This practice should be stopped as it leads fo much 
faulty work. Mild and medium carbon steels are more plastic than steels 
and in addition can be worked at higher temperatures without fear i^Jterning^ 
thus the production of stampings from such material is easier an^ ia^i’e rapid 
than from alloy steels. ’ ; 

Alloy steels require more careful heating (^.e. slower heating) ^d a longer 
time for soaking in order to obtain the maximum state of pl^to'ty and to 
prevent cracldng. V 

AVhen, therefore, a drop stamper is “ changed over ” from a plain carbon 
steel to an alloy steel he should accommodate himself to the new^ material : 
a very difficult thing to do in actual practice, especially in a shop where 
both classes of steel are being handled. He almost unconsciously begin 
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increasing the temperature to increase the plasticity .of the steel and so to 
speed up his production. It may be advisable to fix different piece-work 
rates for carbon and alloy steels to remove the incentive for overheating the 
lattei-. 

A further condition for the production of a good forging or stamping is the 
correct finishing temperature. Whenever possible the heating should be such 
that the actual work of forging should be finished at a temperature just a little 
above the critical range. The importance of this will be appreciated when, 
as is pointed out in Chapter VIII, it is realised that the “ w ork ” put into 
the steel breaks *up the crystal structure as it forms and that the size of the 
crystal grains in the finished piece is smaller as the finishing temperature 
is lower. 

As the ultimate object of heat treatment is to reduce the size of the crystal 
grains to as small dimensions as is practicable, it wdU be seen that the question 
of finishing temperatures is one to be carefully attended to, for the higher 
these are (and the less the amount of w ork put into the metal), the larger will 
be the crystal grains and consequently the more drastic must be the subsequent 
heat treatment to restore the structure. 

Production of Drop Stampings and Forgings. — The remarks given 
above can be summarised as follow^s : — 

(1) Material to be heated slowly and uniformly in a furnace maintained 

at the correct forging temperature to suit the steel and the part to 
be made from it. 

(2) “ Work to be put into the metal up to the time it has cooled to 

a temperature just above the critical range of steel. 

hhxcept in the case of large or complicated forgings and stampings there is 
no difficulty in adhering to the above conditions, and the question now arises 
how' must the more difficult parts be produced ? When the part is a simple 
one (requiring only a little Avork) but of gi'eat mass it is clearly necessary to 
work at as low a temperature as possible, so as to avoid the formation of large 
crystal grains. This may require more time for forging OAving to the greater 
sluggishness of the metal, Av^hich of course is less plastic at low temperatures, 
but the result produced is so much to be desired that it amply repays the 
extra time spent upon it. 

Complicated parts which require a lot of Avork to form them and which 
have not sufficient mass to retain the heat required fcti' forging, should be 
reheated at different stages. When this is the case care should be taken in 
arranging the different stages, so that during the finishing stage every 
portion of the forging receives a certain amount of work before it actually 
cools doAvn to the critical range. It is not advisable to finish one end of 
a forging or stamping first and then to reheat the aa hole and finish the 
other end. The end already finished suffers by reason of the formation of 
large crystal grains during the heating and cooling while the other end is 
perhaps quite good because of the “ work put into it and the consequent 
breaking up of the grains formed. 

To make this point quite clear and to serve as a concrete example the 
production of the ^op stampings required for the special shaft shoAAH by Fig. 
132 will be considered. 

When these Avere first put in hand the stampers contrived to produce the 
whole forging at one heating, a masterly operation Avithout doubt, but one 
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which proved to be disastrous, for the subsequent heat treatment failed 
entirely to render the material sound enough to meet the requirements ; the 
structure of the shaft portions was coarsely crystalline although the flange 
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Fig. 132. — Diagrams showing Different Operations in the Forging and Drop Stamping 
of a Special Shaft with Flange at Centre. A difficult stamping to produce. 


was comparatively in good condition. This state of affairs was entirely due 
to excessive heating and too little working of the shaft portions. The size of 
the original billet was only shghtly larger than the shaft and thus only required 
a small amount of w ork to reduce it to size, w^hereas to produce the flange from 
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such small material a large amoimt of work was required and, because the flange 
was thin and cooled quickly, the material was raised to a very high temperature 
in order that this could be done at one heat. The shaft consequently suffered, 
being overheated and in many cases actually burnt in parts. 

The difficulty was overcome by carrying out the forging in two stages, the 
material being reheated for the second stage. The operations are shown 
diagrammatically in Pig. 132. The billets were cut up into.pieces and these, 
after heating, were forged down as shown in operations 2 and 3. One end 
was forged round to a diameter less than that required in the final stamping, 
but was made longer so that it would require “ jumping up ” to bring it to 
the correct size. The other end was forged out square and slightly taper 
so that further work would be required to bring it down to size. The centre 
of the piece was not touched at this stage, but was left at the original size of 
the billet. 

The forging was then reheated for the final operations, which were (4) the 
drawing down of the square tapered end into a roimd section somewhat smaller 
than tlie final size but longer, followed by (5) the forming of the flange. This 
last operation is shown at its commencement in the finishing dies, and, as will 
be seen, every portion of the stamping receives a certain amount of work 
before the flange was completed. Thus the complete stamping was finished at 
an almost equal temperature, although of course the thin flange was generally 
a little cooler in spite of the centre mass retaining more heat and being actually 
hotter at the commencement of the operation. I 

If the steel is allowed to cool below the lower critical range Acl (about 
700*^ C.) and work is stfll continued below this temperature, the crystal grains 
will become distorted and the material ’will be less ductile and may be 
even brittle. An example of this is shown in Fig. 119. This will show 
up sometimes in the form of cracks or fissures which may be attributed to 
faulty steel or to bad surface defects in the original billet such as rolling 
marks, roaks, etc. 

From the foregoing remarks it will readily be understood how difficult 
it is to stamp out parts of widely varying cross section and of difficult shapes 
with thin webs and cross connections. It is sometimes impossible to produce 
such parts without leaving the material in a poor state at some portion or other. 
Simplicity in design is therefore the kejmote to success in aU stampings and 
forgings as it is in most other processes. 

Flow of Metal during Forging. — During the process of forging and 
stamping the metal is caused to flow into the shape required, and, if a forging 
is cut up and examined, the direction of flow can be traced out, giving informa- 
tion which is sometimes extremely important. The presence of slag and other 
impurities which tend to produce segregation in the steel are responsible for 
the formation of planes of weakness in the material. When rolled or forged 
out these areas are drawn out or elongated into thin lines or planes which, 
while not affecting the strength of the material in the direction of rolling or 
drawing out (^.e. the direction of flow), have a considerable influence on the 
strength in a direction at right angles to the drawing out. This direction of 
flow is generally referred to under the expression grain,” and is looked 
upon in much the same manner as the grain in timber, in fact it is analogous 
to this and offers difficulties in much the same way as the grain in timber 
does. The formation of this structure is illustrated by the four micrographs 
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in Fig. 133; starting from the ingot which shows the primary denditric 
crystal formation of the cast metal and followed by the rolling in different 
stages. 



A. — Ingot, natural size. B. — First Bolling (elongation 5/1). 



C.— Second Bolling (elongation 30/1). D.— Third Bolling (elongation 150/1). 

FiO, 133. — ^Deformation of Dendrites of the Original Ingot by Successive Rollings. A — 
ingot, natural state ; B— first rolling (elongation 5/1) ; C — second rolling 
(elongation 30/1) ; D — third rolling (elongation 150/1). — {Engineering.) 


The importance of this “ grain ’’ in the metal is shown by the foUoiving 
tests carried out by Mr. H. Brearley, and published in a leaflet by Messrs. Brown, 
Bayley and Co., Ltd., of Sheffield (see Fig. 134). 
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Fig. 134. — Influence of Slag Lines in Steel (Brearley), showing their Effect in Relation 

to the Direction of Stress 

elongation and reduction of area being less when the test piece is cut across 
the billet ; but this falling'off is much less marked than that in the dynamic 
strength. 

The importance of studying the grain of the steel and the direction it takes 
in the finished stamping is shown in the following examples. 
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Crankshafts. — ^These are sometimes made from slabs which have portions 
cut out, leaving the webs and crank pins ready for twisting to the correct angles 
relative to each other. In such crankshafts there are two important defects : 
(1) that portion of the shaft Ijdng between two webs is in a twisted state — the 
fibres are in a state of stress ; (2) the grain of the steel in the webs themselves 
is in the worst direction. These defects are clearly shown in Fig. 135. By 
adopting the more modem way of forging in dies the amount of twisting is 
reduced very considerably and the flow of grain is in a more favourable 
direction, as is also shown in Fig. 135. 



Fig. 135. — Diagram showing two Methods of Forging out Crankshafts. Direction of 

grain indicated. 


Gear Wheels. — ^Two methods of stamping gear blanks are shown in Fig. 
136. The first of these is the more common. The blanks are stamped from a 
bar, usually square or gothic section, laid across the die and the stamping so 
produced has the grain running across it in a nearly parallel direction as shown. 
Thus some of the teeth have the grain running across their roots and others have 
it running radially from the centre. Should the steel contain much slag the 
influence of this on the strength of the respective teeth will be readily under- 
stood, while even in the best steel there vdll be a considerable difference in the 
dynamic strength. 

The second method of stamping a gear blank consists of cutting the bar or 
billet into lengths sufficient for each gear and then stamping these end on.” 



HEAT TREATMENT OF STEEL & OTHER MATERIALS 189 


As a result the grain tends to assume a direction which is radial and in none of 
the teeth does it travel across the root. 

A comparison of the two methods shows how much better the second method 
is than the first, a fact which is borne out by the results of actual experiments 
which are LQustrated in Fig. 137. 

These experiments were carried out to determine approximately the 
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Fig. 136. — Diagram showing two Methods of Forging or Drop-stamping Gear Wheel 
Blanks, and the Direction of Grain in relation to the Gear Teeth. 


relative value of the two methods. The direction of the grain in the first gear 
blank is shown by the dotted lines running across it, the thick chain line being 
the centre line of the original billet. The second gear blank was stamped 
end on, and the grain is therefore approximately radial. Impact test pieces 

* The two figures in etich case refer to tests on two successive notches made in the 
same test piece. 
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were cut out as shown and the values obtained (Izod machine) are stated on the 
diagrams for convenience. Referring to these, it is interesting to notice that 
the value obtained from the test piece which was cut in the direction of the grain 
is more than twice that obtained from the piece cut across the grain. Also in 
the case of the gear stamped end on aU the values are about twice that of this 
latter piece. Both gear blanks w^ere made from the same steel (a nickel 
chrome case-hardening steel) and both w^ere given the same heat treatment, 
and from the high values of the impacts it is evident that the steel w as of good 
quahty. Yet in spite of this fact the effect of the flow^ of grain is very evident. 
Further, it w’^as found in practice that those gears w hich broke down (all were 




Fig. 137. — Diagram showing Izod Impact Test Results obtained from its two Gear-wheel 
Blanks forged by the two methods shown in Fig. 130. 


heavily stressed) were those in which the grain ran across the root of the tooth, 
and it was these teeth that fractured first. 

Radii. — ^A few words should be said about the size of fiUets and their 
radii. Generally it is advisable to keep on the liberal side, but some cases form 
an exception to this rule. The two diagrams given in Fig. 138 will explain 
w^hy this is so. In the first case the radius in the stamping is large and the 
shaft sweeps gradually into the flange. The final machined size is shown liy 
the thick continuous line, the original forging by the outer dotted line, and 
the flow of the grain also by dotted Imes. An examination of this diagram show s 
that in machining, a number of the fibres are cut through and their tail ends 
come to the surface, both in the flange and in the shaft. Now if the machining 
is at all rough and the part is to be hardened there will be a serious risk of a 
crack starting from the bottom of a tool cut and following the direction of the 
grain, i.e. the line of least resistance. This form of breakdown is by no means 
uncommon, and yet the underlying cause is too often ignored in practice. 

In the second case the radius of the stamping approaches that of the final 
part and, as will be seen, there are fewer fibres cut through and, what is very 
important, those that are cut through travel at very oblique angles to the flange 
and shaft respectively. 

Furnace Conditions. — ^The importance of uniform and steady heating 
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has been already referred to in connection with forging and drop stamping. 
For the final heat treatment processes it is even more important. 

The furnaces intended for the heating of parts which are being “ treated ” 
should be carefully chosen for the kind of work they are required to do. 

There has been, and is even now, a great tendency simply to use any 
furnace the makers recommend, the arguments about uniform heating of the 
chamber, low fuel consumption, etc., appearing to remove all doubts as to the 
successful operation of the furnace. 

The designing of furnaces is a matter beyond the scope of this book, but the 
following points will be of service in the selecting of suitable furnaces. 

1. The volume of the furnace chamber should be large in comparison with 
the volume of the work done. 

2. The work should be so disposed as to enable free circulation of the 
gases around each part, ?’.e. all parts should be raised above the hearth on 


Fig. 138. — Diagram showing Importance of Radii in Stampings and Forgings. 

narrow transverse supports, or better still, there should be a bottom heat,’* 
^.e. combustion should take place under the hearth as well as in gas ports. 

3. No piece or portion of the work should be placed in the furnace in 
close proximity to a gas port or flame which would tend to -give high local or 
unequal heating effects. These results are often a consequence of using too 
small a furnace for the work or loading the furnace with too many parts. 

4. The zone of combustion * should be kept back from the furnace chamber 
and only the hot gases actually allowed to reach the work. This is often 
overlooked and the fuel (gas) is allowed to bum in the chamber, thus causing 
unequal and excessive local heating. 

5. Whenever possible the furnace should be gas fired, either with town’s 
gas or producer gas. The adjustment and control of gas-fired furnaces is 
simpler and better than that of direct coal-fired j- or even oil-fired furnaces. 

* This condition has been realised most successfully in the “Smallwood Patent” 
furnaces supplied by the Incandescent Heat Co., Ltd., Smethwick. With these furnaces 
the authors have been able to maintain uniform heating conditions with a maximum 
variation of 5° C. 

t The Incandescent Heat Co., Ltd., build a type of coal-fired furnace in which the 
coal is gasified in a small natural draught producer attached to the furnace. This can 
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Then as to running the furnace, the points requiring attention are : — 

1. Condition of gases, whether oxidising or reducing. For nearly all work 
the furnace atmosphere should be slightly reducing. 

2. Adjustment of gas at different points to produce, if possible, uniform 
heating of the different sections of the work should this vary in dimensions 
along its length, etc. 

3. That the temperature of no portion of the w^ork be allowed to exceed 
that required for its heat treatment. 

4. That the work be heated slowly (there are exceptions to this), and be 
allowed to soak thoroughly at the correct temperature. It is good practice 
commercially, to pre-heat the work in one furnace to a temperature below that 
required and then to transfer it to the second furnace, which is maintained 
at the correct temperature, the first furnace being only roughly controlled. 

5. That the pyrometer be iu close proximity to the w^ork if not actually 
in contact with it. 

The principal furnace builders in England are beginning to turn 
attention to the development of furnaces wLich are really suitable for the hq^;. 
treatment of steel, and in the near future some of these wdll be of an auh®^^?- 
or semi-automatic character. In these days of mass production 
obviously need for mechanical devices for the handling and treating of 
thousand of parts required, say, in the manufacture of automobiles, motor, 
cycles, etc., on a large scale. That these should be handled by manual 
labour cannot but seem inconsistent when they are machined by automatic or 
semi-automatic tools. A device that will convey a stream of parts of one 
kind through zones of increasing temperature until they reach one of a constant 
temperature, after which they will be quenched or otherwise cooled, must be 
better than handliug the work with ordinary labour. The steady flow at a 
constant rate through a zone of constant heating must produce a degree of 
uniformity which cannot be attained, or at any rate maintained for any length 
of time, by hand methods. That there are chfficulties in the development of 
such furnaces is certain, but that these difficulties can be overcome is equally 
certain. Already one firm of furnace builders * has developed mechanical 
appliances, both hand and power driven, for the charging and discharging of 
furnaces and many of these are now in work in the larger motor and other 
, engineering workshops in tliis country and abroad. 

Pyrometers. — ^The importance of these instruments for measuring the 
temperature of the furnaces will be readily understood when it is realised that 
the best work is only obtained by heating to within limits of 5° C. to 10° C. 
Wider temperature hmits are, of course, permissible with a considerable 
proportion of the work, and it is possible to divide the heat treatrnent 
operations' into those necessitating ‘'fine limits and those requiring only rough 
limits. Thus pyrometers for these two classes of work should be selected in 
accordance with then accuracy and reliabihty at the temperatures at which 
they will be used. 

There are three main types of electric pyrometers made, and the selection 
of a suitable instrument fiom these, and from the different makers, may offer 
difficulty. These three types are as follows : — 

be controlled in the same manner as a producer gas-fired furnace, and where large 
quantities have to be heat treated is the most economical furnace to use. 

* The Incandescent Heat Co., Ltd,, Smethwick. 
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1. Resistance Pyrometers, which depend on the change in the electric 
resistance of a small coil of pure platinum wire suitably mounted and protected, 
and placed in the furnace. This change in resistance has a definite relation 
to th( temperature and is registered on an indicating instrument or, if 
required, on a recording instrument, producing a permanent record of the 
temperature of the furnace. This is the most sensitive method of deter- 
mining temperatures and at the same time the most accurate. It can be 
used commercially for continuous use at temperatures up to about 800° C. and 
for intermittent use, such as checking other pyrometers, up to 950° C. Above 
these temperatures its accuracy is likely to be impaired and its use becomes a 
laboratory proposition. 

2. Thermo Electric Pyrometers are based on the principle that an electric 
current is generated at the junction of two dissimilar metals or alloys when 
heated. This junction or “ thermo-couple,” as it is commonly called, is placed 
in the furnace and when connected to an indicating instrument of the volt- 
meter type (or galvanometer) gives an indication of the furnace temperature. 
The current generated increases wdth the temperature and the relation between 
these is determined empirically. 

This type of pyrometer is the one that is in greatest use in industrial work, 
and is certainly the simplest and easiest to maintain. Instruments for indi- 
cating and recording are made. 

The thermo-couples are made either of noble metals of the platinum series 
or of base metals such as iron, copper, nickel, chromium, or their alloys, and 
are called noble-metal and base-metal couples respectively. Those made of 
platinum and platinum alloys with rhodium, for example, are suitable for the 
higher temperatures up to 1100° C., but although certain of the base-metal 
couples can be used up to such temperatures they are not, commercially, so 
reliable as the noble-metal couples. In general the accuracy of thermo-electric 
pyrometers is sufficiently high for all heat treatment work although it is inferior 
to that of the resistance type. 

3. Radiation Pyrometers depend on the heat or light (or both) radiated 
from the interior of the furnace and are only designed for measuring high 
temperatures, above, say, 900° C. They can be had in both the plain indicating 
pattern and the recording patterns. The principal feature of this type is that 
no portion of the outfit is placed in the furnace, and there is nothing therefore 
subjected to the deteriorating influences of the hot gases. * 

To assist in judging these different types of pyrometers the following chart 
is given. The expressions ‘‘ fine heats ” and rough heats ” mean heat 
treatment processes which require an accuracy of d: 10° C. and ± 20° C. 
respectively. 

Resistance 
pyrometers 

/ 

fine hea^ 
to 800° C. 

i 

checking to 
950° C. 

Chart showing Practical Working Limits of the diiferent Types of Pyrometer in use. 

O 


Thermo-electric 
pyrometers 


base metal noble metal 


Radiation 

pyrometers 


fine heats^ 
to 700° C. 


fine heats 
to 1000° C. 


rough heats 
1000° C. upwards 


rough heats 
to 900° C. 


rough heats 
to 1100° C. 
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This chart must not be looked upon as infallible, because there are many 
features in the different makes of pyrometers which render them suitable for 
higher temperatures or for more accurate work. Further, the conditions under 
which a p3U’ometer works have a most important influence on its accuracy and 
life, and the advice therefore of the maker should always be secured in order 
to get the best service from his instruments. 

Cooling and Quenching. — ^The cooling of the heated metal should be 
considered not only in relation to the kind of steel used and the results desired, 
but also in regard to the actual part itself. Heat treatments * specified by 
steel makers for their steels do not, and very often cannot, take account of the 
varying uses to which the steel is put, and in consequence the blind follow- 
ing of their instructions, sometimes leads to unsatisfactory work or even 
absolute failure. Apart from the temperature of the work, widely differing 
results can be obtained by varying the rate of cooling. This rate of cooling 
can be controlled in two ways (1) by artificially increasing the mass of the work, 
and (2) by the use of different cooling or quenching media. 

In the first case the mass can be increased by increasing the volume of metal 
and then machining this off after treatment. Another A^ay is to allow the 
work to cool in the furnace, or in a box packed with iron turnings, sand, charcoal 
or other suitable material, thus adding the mass of the furnace or the box of 
added material. AU these are methods for retarding the cooling, and the 
medium in each case is air. 

Normal cooling can be defined as cooling m still air at ordinary tem]3oratures, 
the work being neither lagged nor packed in any way. 

In the second case the cooling is controlled by using media such as those 
given below. In this case the cooling is accelerated, and the process is called 
“ quenching.” 

Quenchuig media in general use : — 

1 . Air blast. 

2. on bath. 

3. Water bath and water spray. 

4. Brine or similar solutions. 

For a given set of conditions these media wiU be found to cool the work the 
more rapidly in the order in which they are given, ^.e. oil wiU cool the work 
more quickly than an ordinary air blast, while ^ater is more drastic stiU, and 
so on. The efficiency of these media is dependent on their temperature, 
particularly in the case of water, and it is therefore necessary to arrange for 
the quenching bath to be maintained within a reasonable range of tempera- 
ture in order to secure consistent results. 

Air blast cooling is not applied to much work, but is mainly confined to tool 
work and for hardening high speed steel. 

Oil is the safest of all quenching liquids because it is least affected f by 
temperature rise and has the least distorting effect on the work. Generally 
there is httle difference between one oil and another, except that animal and 

* These are generally the results of experiments on standard size test pieces, a 
practice which is, perhaps, the only practical one op^ to the makers. 

t An increase in the temperature of the quenching oil does not have any serious 
effect on the hardness produced in the steel. A hot batfi will give almost the same 
degree of hardness in steel as a cold bath. In this respect oil differs very considerably 
from water. There is a limit in the temperature, of course, beyond which the oil should 
not be allowed to rise. Quenching oils generally, should have a high “ flash ’ temperature 
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vegetable oils cool the work more quickly than mineral oils and are more often 
used. A few such oils in use are : sperm or whale oil, rape oil, lard oil, and ^dso 
some of the thick mineral oils. 

Waier is the commonest of quenching hquids and is essential when a glass- 
hard surface is required, especially with carbon steels. It has, however, a 
serious distorting influence, although for low carbon steels (say up to 0*5 per 
cent.) it is fairly safe, but even then where the prevention of distortion is 
of importance it is ad’^isable to employ oil. Water quenching is conducive 
to cracking, owing to internal stresses which are set up in the steel because 
of the cooling of the outer surface before the interior portions. 

Brine is used when an extremely hard surface is required with certain 
tools, such as files, etc. It is a httle more drastic than water and conse- 
quently the difiiculties in its use are greater, cracking being the commonest 
trouble. 

Method of Quenching. — On the manner in which the work is actually 
immersed in the quenching liquid depends, more often than not, the final 
shape of the treated parts. This operation in heat treatment is very often 
badly neglected, but yet it is one of considerable importance in so far as much 
of the distortion and cracking of hardened parts is due to the way in which 
the part was immersed. No golden rule can be laid down for this ; it is 
necessary to carry out tests on the actual parts themselves, dipping ’’ them in 
different directions so as to find out which direction produces the least change 
in shape. 

The importance of this matter is clearly demonstrated in the quenching 
of a straight bar or shaft. If this is immersed at an angle such as when 
swinging it into the liquid, unequal hardening stresses are immediately set 
up owing to coohng of the side which strikes the liquid first, and as a conse- 
quence the shaft curls and is bent. If, on the other hand, the shaft is immersed 
vertically and rapidly the cooling proceeds on all sides simultaneously and the 
result is a fairly straight shaft. 

Another example is the hardening of wheels such as gears which may be of 
light section. If these are immersed face downw^ards (^.e. flatways) the side 
that strikes the liquid first will be a different diameter to the other side, with 
the result that the periphery of the wheel is tapered. In addition the wheel 
is very often oval. This trouble can be overcome to a considerable extent by 
dipping ” the wheel edgew^ays with a sweeping motion. 

In many cases the distortion produced by careless quenching methods is 
of little importance, but where gears, shafts and other portions of machinery 
such as are required in the automobile industry and aeroplane engine manu- 
facture have to be heat treated, then such difficulties become manifest and 
much ingenuity is required to overcome them. Some examples of these 
troubles are dealt with at the end of this chapter, under “ distortion 
difficulties.” 

One fact of great importance is the necessity of keeping the part moving in 
the quenching liquid until it is practically cold. This eliminates to a great 
extent the formation of soft spots. 

Cleanliness. — ^This is too often overlooked and much work is spoilt by 
not removing scale, burnt oil, and dirt, which by preventing the quenching 
medium coming into contact with the steel causes soft spots. Any work where 
the surface hardness is important should be thoroughly cleaned with boiling 
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soda solution or by means of the sand blast ; the latter method being more 
efficient as it removes the scale more thoroughly. 

Forgings and stampings should be rough machined before treatment, as 
the scale is often thick enough to prevent successful treatment, the scale 
acting as a non-conductor, thus preventing rapid cooling which is essential 
for hardening or toughening. 

Scaling or Oxidation of Work. — Steel when heated in an oxidising 
atmosphere soon scales or oxidises. This scale must be removed before the 
parts can be finished and this involves the use of a sand blast. 

What is more serious, however, than the scaling is the decarburisation 
that accompanies it. Work which is intended to be dead hard is ruined by 
oxidation because the carbon in the steel is oxidised away, often to a con- 
siderable depth, and as a result a skin or la^’^er of low carbon steel is formed 
which will not harden. This is a frequent source of trouble w ith case-hardened 
parts, and much w ork is spoilt by decarburisation of the surface during the 
refining and hardening heats that usually follow' the carburising process. 

It is essential therefore that the atmosphere of the furnace should be 
'' reducing ” and not “ oxidising.” This is secured by using a slight excess of 
fuel or by limiting the supply of air a little so that incomplete combustion is 
obtained. It is sometimes helj)ful to place a little coke in the furnace so that 
this can burn with any excess air that reaches the chamber. This practice, 
however, should not be necessary with a w^ell designed furnace. 


Normalising 

This is the simplest treatment of all, and because it is so it often becomes 
a mere perfunctory operation, having little or no value, owing to the non- 
observance of the conditions required to produce good work. 

The object of normahsing steel is to remove all forging, rolling, and drawing 
stressess, and to reduce the grain size of the structure to as small dimensions 
as is commercially practicable. 

It is often the forerunner of more elaborate treatments to be given the 
parts, but in many cases it is the only treatment required, and it is therefore 
necessary that its possibilities should be understood. 

The treatment consists of three phases : (I) heating, (2) soaking, and 
(3) cooling. 

Heating. — ^The work may be placed in a furnace which is already hot, 
but not hotter than say 600"' C. or 700'' C. This operation of loading lowers the 
temperature of the furnace considerably, and in the case of large furnaces 
dealing with large batches of work, the time taken to reach the “ normalising ” 
temperature will be such that the heating is sufficiently gradual and all portions 
will attain the same temperature at about the same time. Of course, parts 
which vary in section considerably should be placed in a furnace which is either 
cold or only at 200° C. or 300° C. Also in the case of certain alloy steels or 
carbon steels of high carbon content (above 0*6 per cent.), such precaution is 
necessary. The furnace can then be heated up slowly to the correct temperature, 
or instead, the work can be transferred w^hen at a temperature of, say 600° C. 
to another furnace which is working at about the right temperature. The 
first furnace is simply used to preheat and the second to finish. Such method 
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of working is, of course, expensive and in some cases prohibitive, in which case 
it is advisable to select steels vdiich are not so sensitive to sudden temperature 
changes. As a rough guide the following steels are arranged approximate!;) in 
order of their sensitiveness, the least sensitive being placed first : — 

1 . Mid (C 0*05 to 0*25 per cent.). 

2. Mid Case-hardening (C 0*2 per cent.). 

3. Nickel Case-hardening (C 0*18 per cent., Ni 3*0 per cent.). 

4. Medium Carbon (C 0*25 to 0*5 per cent.). 

5. Nickel Case-hardening (C 0*18 per cent., Ni 5 0 per cent.). 

6. Nickel Chrome Case-hardening (C 0*15. Ni 2*0. Cr 0*8 per cent.). 

7. „ „ (C015, Ni3*5, Cr 1*1 „ ). 

8. Nickel Oil-hardening (C 0*4, Ni 3*0 per cent.). 

9. Nickel Chrome Oil-hardening (C 0*3, Ni 2*0, Cr 1*0 per cent.). 

10. „ „ ^ (C 0*35, Ni 1*2, Cr 1*2 „ ). 

11. High Carbon (C 0*5 to 0*9 per cent.). 

12. Nickel Chrome Case-hardening (C 0*15, Ni 4*5, Cr 1*5 per cent.). 

13. Nickel Chrome Oil-hardening (C 0*3, Ni 3*0, Cr 1*0 per cent.). 

14. „ „ (C0*4, Ni4*0, Cr 1*5 „ ). 

The compositions given above are only “ types ’’ and must not be taken 
literally as exact compositions, the figures simply act as a guide. From the 
above it will be seen that the carbon content is, first, a measure of the 
sensitiveness, then chromium, and finally nickel in a lesser degree. The ratio 
of nickel to chromium is also important, and it would seem that when this 
is 3 to 1, the risk of cracking is much greater than if the ratio is 2 to 1 or 1 to 1, 
even though the chromium and carbon content be the same in each case. 

Generally for fight work, such as aero-engine connecting rods (stampings), 
gear wheels stampings, etc., the steels from 8 to 14 should be preheated. 
No hard and fast rule, however, can be laid down and much will have to be 
determined b}^ experience under the actual conditions of furnaces, labour, 
and intricacy of shape of the parts, etc. 

In any case, it should be remembered that slow and uniform heating always 
gives the best results, relieving the internal stresses due to forging, stamping, 
or rolling more gradually and reducing the chances of warping or cracking to 
the minimum. This is particularly important in steels 11 to 14, and even 
more so if the stamping or forgings have been allowed tb cool on the floor 
without protection from draughts. 

The temperature to which the work should be heated depends on the follow- 
ing factors : — 

1. Composition of steel. 

2. Finishing temperature of forging, stamping or rolled bar. 

3. The commercial aspect — ^factor of safety, etc. 

The composition of the steel is the first consideration because the position 
of the critical r^^nge is dependent on this. The critical range diagram (Fig. 70) 
for carbon steels shows how the temperature of the upper critical range varies 
with the carbon content. A mild steel of 0*1 per cent, carbon content has 
a critical range temperature of about 860° C., while in a medium carbon steel 
of say 0*4 per cent, carbon content, the same point occurs at about 760° C. or 
about 100° C. lower. Now, the most satisfactory temperature in practice to 
produce a fine grain structure is one about 30° C. above the upper critical 
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range. This is explained by the fact that when the steel is heated to just 
above the critical range there is a complete refining of the grain (in steel which 
has not been overheated), and the grains become very small. On heating 
further the grains enlarge or coarsen and the strength of the steel is reduced. 

Thus for carbon steels the normahsing temperature should be given at 
from 20° C. to 50° C. above the critical range. For convenience these temper- 
atures are set out in the list given below, the different steels being identified by 
their carbon content. Other factors in the composition, of course, may have to 
be considered and these temperatures modified. Manganese, for instance, 
lowers the critical range by about 3° C. for each OT per cent, increase. 

Alloy steels in general have a much lower critical range than carbon steels. 
Nickel up to about 6 per cent, lowers the upper critical range by about 10° C. 
for each 1 per cent, addition ; other constituents remaining the same. Further 
additions lower the range still more until at about 25 per cent, nickel content 
the critical range on cooling is actually below ordinary atmospheric tempera- 
tures and the steel is permanently hard. 

Chromium, on the other hand, raises the upper critical range, the increase 
being about 16° C. for each 1 per cent, increase in chromium up to 4 per cent. 

In nickel chrome steels the two additional elements naturally operate to 
fix the critical range at a temperature depending on their respective proportions. 

Vanadium appears to have a more powerful effect than chromium, while 
the combination of the two, chromium and vanadium, is still greater in its 
effect on the range. 

In the case of alloy steels, hoAvever, the general rule laid down for carbon 
steels is not so successful, owing to the more sluggish ’’ nature of these steels. 
The transformation from one state to another is much slower and the grain 
structure does not gi’ow so rapidly in size at high temperatures as in the case 
of carbon steels. Thus to meet this more sluggish action it is necessary (com- 
mercially) to normalise such steels at temperatures higher than 30° C. above 
the upper critical range. As the variety of these alloy steels is considerable 
and their properties and behaviour under treatment vary to a great extent, 
only a very approximate rule may be given for calculating the normalising 
temperature. This temperature for most purposes can be taken at 100° C. 
above the upper critical range. 

Normalising Temperatures. — ^The following list gives approximately 
the normalising temperatures for the more usual commercial steels : — 


Approximate Normalising Temperatures. 

Mild (0*05 to O’ 15 per cent, carbon) 

„ (0*15 „ 0-25 „ „ ) 

Medium Carbon (0’25 to 0*35 per cent, carbon) 

>> » (0*35 ,, 0*5 ,, » ) 

High Carbon (0*5 to 0*6 per cent, carbon) 

„ „ (0*6 ,,0*7 „ „ ) 

„ „ (0*7 „ 0*8 „ „ ) 

„ „ (0*8 „ 0*9 „ „ ) 

Nickel 2 per cent. (C 0*3, Ni 2*0 per cent.) 

„ 3 „ (C 0*3, Ni 3 0 „ ) 

Nickel Chrome, oil -hardening (C 0*35, Ni H2, Gr 1*2 per cent.) 

„ „ (CO-30, Ni2 0, Cr 1*0 „ ) 

„ „ (CO-30, Ni3 0, Cr 10 „ ) 

(C0*40, Ni4 0, Crl’5 „ ) 

„ (C 0*3, Ni 3*5, Cr 0-5 „ ) 


Degrees Cent. 
870 to 900 
840 „-870 
810 „ 840 
780 „ 800 
770 „ 790 
760 „ 780 
750 „ 780 
745 „ 765 
850 „ 870 
840 „ 860 
840 „ 860 
830 „ 850 
820 „ 840 
810 „ 830 
800 „ 820 
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Chrome Vanadium oil-hardening (C 0*4, V 0*2, Cr 1*3 per cent.) 
Mild Case-hardening (C. 0*05 to 0*20 per cent.) 

2 per cent. Nickel Case-hardening (C 0*15, Ni 2*0 per cent.) 

3 ^ {C 0*15, Ni 3 0 „ ) 

5 „ „ (C 0*15, Ni 5*0 „ ) 

Nickel Chrome Case-hardening (C 0*15, Ni 2*0, Cr 0*8 per cent.) 

„ „ (CO-15, Ni3*5, Cr 1*1 „ ) 

„ „ (C015, Ni4*5, Cr 1*5 „ ) 


Degrees 

Cent. 

800 „ 

820 

870 „ 

"UO 

900 „ 

930 

890 „ 

920 

870 „ 

900 

870 „ 

900 

860 „ 

880 

840 „ 

860 


The importance of the finishing temperature in forging, stamping, or rolhng, 
etc., is referred to in the section dealing with “drop stampings and forgings.” 
It influences the selection of normalising temperatures very considerably. If 
the finishing temperature is only a little above the upper critical range and 
the work is cooled in air and is of comparatively small section, the grain 
structure will be fine, but if the work is finished at higher temperatures or 
is of large cross-section, then the grain structure will be coarser. The fine 
grain structure will offer no difficulties in normahsing at the temperatures 
specified above, but when the grain size is large the treatment may fail to 
refine the steel sufficiently and the structure will still remain coarse, or at 
any rate it wfil not be homogeneous, signs of the original structure being still 
present. This is due to the slowness with which the constituents diffuse in 
the mass. Large areas of pearlite adjoining other large areas of ferrite do not 
diffuse so quickly at the lower temperatures (just above the critical range) 
as at the higher temperatures, and it therefore becomes a question as to whether 
the steel should be allowed to remain for a long time at the lower temperature 
or if it should be normalised at a higher temperature. Prolonged heating ties 
up the furnace and is objectionable commercially, and higher temperatures 
coarsen what was originally a fine structure, but produce a more refined 
structure (but still coarse) in those parts that are very coarse grained. Thus 
the final product is not ideal, although for commercial purposes it may be all 
that is required. Thus in the case of forgings and stampings in which the 
finisliing temperatures have not been regulated carefully, and have varied 
considerably for each part j the normalising temperature must be a compromise 
between that which gives the best structure, and that giving rapid production 
but inferior structure. Then the nature of the work and the commercial 
conditions ruling must settle this temperature. The treatment may be modified 
in another way to produce good work, but this will be explained later (see 
Double Normalising). 

Soaking. — ^The soaking period or time the work should be allowed to 
remain in the furnace after this has attained the correct temperature may be 
roughly calculated on the basis of allowing 30 minutes for each inch thickness 
of section. This, however, must only be taken as a very approximate rule, 
because much depends on furnace operation and the initial state of the steel. 
With very large sections the soaking time is a serious factor, and where 
many pieces have to be heat-treated, it is advisable to determine the correct 
duration by trial or actual measurement, using a pyrometer to indicate when 
the centre is up to the correct temperature. 

Cooling. — ^This is the last phase in normalising and is carried out usually 
by withdrawing the work from the furnace and placing it on the fioor to cool 
in air. 

Unfortunately, this operation is often badly carried out, and does not receive 
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the attention due to it. In the heating operation care is probably taken to 
ensure that the parts are uniformly heated by spacing them so that the hot 
gases circulate freely and radiated heat reaches them, but in cooling the 
practice is to pile the hot parts into a heap, often on a wet or damp floor, and 
in a draughty place near a door for example. 

The result of such treatment is that some of the parts are cooled more 
quickly than others — those in the centre of the pile coohng very sloAvly, and 
consequently have different mechanical strengths. In the case of low carbon 
(0*3 per cent.) steels the effect may only be slight so far as tensile strength 
is concerned, but it is noticeable when impact tests are made. It becomes 
more serious with medium carbon steels, and in the case of high carbon steels 
and most alloy steels attention to the cooling arrangements becomes impera- 
tive. With many alloy steels there is a tendency to self -harden, which is easily 
accentuated by draughts, with the result that such forgings and drop stampings, 
etc., are difficult and sometimes impossible to machine, and easily develop cracks. 

The cooling of the work should be conducted either on the floor in sheltered 
spaces, f.e. the floor should be di\dded by brick or metal screens two or three 
feet high or, instead, metal racks of very open construction should be employed. 
The work should then be spaced out in order to secure uniform cooling. In 
other w ords, the cooling should be conducted with the same care as the heating. 

Double Normalising. — This is simply the normalising process repeated 
again and has for its object the refining of stampings and forgings, etc., that 
are coarsely crystalline due to the finishing temperature of forging being too 
high. Such stampings are not completely refined by the ordinary or single 
normalismg process, because the rate of diffusion of the constituents is slow 
at temperatures that give fine-grained structures and, unless a prolonged 
soaking at these temperatures is allowed, the diffusion will have to be assisted 
by raising the temperature. Then the steel behaves as though it were more 
“ fluid ” and the carbon areas diffuse into the ferrite areas w ith greater facifity 
and speed. 

The coarse “ overheated ” structure in most cases will be broken down by 
heating to a temperature of 100° C. to 150° C. above the upper critical range of 
the steel in the case of carbon steels, and from 150° C. to 200° C. in the case of 
alloy steels. With carbon steels the soaking time at this high temperature 
should not be prolonged, but should be of the same order as for ordinary 
normalismg. Alloy steels, however, can be given longer soaking times with 
advantage because they are more ‘‘ sluggish than carbon steels. The structure 
resulting from this treatment will still be coarse-grained, but w ill be such that a 
second heating to a lower temperature will produce the fine-grained structure 
desired. 

Thus double normalising consists of (1) treatment at a high temperature 
to break up rapidly and diffuse a coarse-grained structure into a finer but still 
fairly coarse structure, and then (2) a second treatment to refine this latter 
structure into a fine-grained one. The temperatures for this treatment can 
be arrived at by adopting the following rules : — 

Carbon Steels, 

Temperature for 1st heating= upper critical range -f 130° C. 

» 2nd „ - „ +30°C. 

Alloy Steels, 

Add 50° C. to these temperatures. 
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The commercial aspect may be such that it will not be permissible to treat 
the work in this manner. Unfortunately, the older and less scientific methods 
of treating steel have instilled in the minds of many engineers the idea taat 
single treatments are sufficient — any attempt to secure better results from 
the material by double treatments such as this are opposed on the question 
of costs, both in production and on plant. In this connection a common 
statement is that, “ we cannot hope to attain the ideal condition in commercial 
practice, and that to spend money on more perfect treatments which give 
results only a little better than simpler treatments is a waste.” Yet many 
will, without hesitation, pay a big price for an alloy steel to obtain great 
strength and allow it to be nearly ruined by the stampers, and will then quibble 
over the heat treatment so necessary to secure the good qualities inherent 
in the steel, simply because the cost amounts to a few shillings per cwt. 

Fortunately recent years have produced a great advance in the attention 
given to the heat treatment of steel, and most engineers now look on this 
operation as a most essential one for producing the best results from the 
materials used. Previously the heat treatment of steel was a process known 
only to a few so-called practical hardeners, who obtained more or less satis- 
factory results by crude ‘‘ trial and error ” methods. Owing to lack of exact 
knowledge of the internal constitution of steel, the hardening shop of the 
average engineering firm did not advance at the same rate as other depart- 
ments, and it was not unusual to find the hardeners W' orking under difficulties 
in regard to plant, and in badly lighted and unhealthy shops. Furthermore, 
no serious attempt was made to check the quality of the w^ork or to ensure 
that it was consistent. 

The development of the aeroplane and the expansion of the automobile 
industry have undoubtedly given an impetus to the practical application 
of heat treatment processes to materials. Many engineering fh’iiis have 
installed heat treatment plants complete in every detail. The railway 
companies long ago appreciated the importance of heat treating axles, tyres, 
crankshafts, connecting rods, and other forgings, in fact, safety considera- 
tions more than economic ones have made such treatment compulsory. 

The improvements in furnace design, pyrometers, quenching appliances, 
and the development of labour-saving devices have kept pace with the 
demand for more efficient plant. Furnaces that may be controlled to within 
the finest limits as regards temperature and uniformity of heating are readily 
obtainable. The maintenance of a non-scaling atmosphere in the heating 
chamber is now a regular proceeding with the better types of furnaces. At 
the same time large outputs combined wdth economy in running are reducing 
the cost of heat treatment to figures less than half of those obtaining 
with the older types of furnace plant. 

Ease of furnace operation combined with pyrometric control ensures 
regular production consistent in quality. Efficient coohng plant to maintain 
the quenching boshes at a constant working temperature, again ensures 
regularity in quality. 

The heat treatment department of an engineering works should rank equal 
with other departments, and a system of checkiilg the work should be adopted 
which is more rigorous even than that used for checking mechanical operations, 
for although an incorrectly machined part may pass through several subsequent 
operations, it is eventually found defective, say, during assembly, and is thrown 
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out, whereas a badly heat-treated part presents no visible evidence of such 
maltreatment and may be assembled and dispatched without any one realising 
the fact until the inevitable breakdown occurs, bringing the usual letters of 
complaint or condemnation from the customer. 

Annealing 

Annealing and Normalising are terms which are often confused, and are 
often regarded as meaning one and the same thing. The two processes are 
practically alike, the main difference being in the rate of cooling. 

Annealing has been defined as a process which reduces the material to its 
softest state for easy machining or other mechanical working. It also has 
for an object the relie^fing of internal stresses and strains set up by previous 
operations such as forging, stamping, roUing, drawing and machining. Finally 
, (like normalising) it is intended to produce a refined structure and also to increase 
the ductihty of the metal to its highest pitch. 

Unlike the normalising process, however, the temperature need not neces- 
sarily be taken above the critical range ; indeed, with some allo}^ steels the 
heating to a temperature above the critical range and then cooling produce 
hardness instead of softness, owing to their tendency to self-harden. 

The principal difference between annealing and normalising lies in tlie rate 
of cooling, which is generally much slower for amiealing. 

Heating. — The precautions outlined under normalising should be adopted, 
with, however, such modifications as are required to produce slower cooling, 
such as packing the work in boxes containing some heat-insulating material. 

The temperature to which the steel should be brought depends, as already 
explained, on (1) the composition of the steel, (2) the linishing temperature of 
forging, etc., and (3) the commercial aspect. The composition of the steel 
fixes the critical range, and with the exception of certain alloy steels, the 
correct temperature for annealing will be the same as for normalising. The list 
given on p. 198 should be worked to except for a few steels which do not 
anneal perfect^ at the temperature given, and are dealt A\nth later. 

The finishing temperature of forging, etc., will have to be considered, as it 
wiU affect the quality of the \vork unless the treatment is modified or added 
to in some manner. Prolonged heating w ill overcome moderately coarse 
structures, but cannot be adopted to refine very coarse ones, owing to 
questions of cost, locking up of plant, etc., the time required being excessive. 
With such work a special treatment must be employed (see “ Special Anneal- 
ing Processes ”), but with material having a normal-sized grain structure the 
temperature quoted in the table will produce satisfactory results. 

Soaking. — ^About 30 minutes for. each inch thickness of section should be 
allowed after the furnace has attained the correct temperature. This is only 
a very approximate rule and is not applicable to work packed in boxes. The 
time required to heat thoroughly the wwk packed in boxes wiU have to be 
determined by trial, as so much depends on the nature of the material used for 
packing, the furnace and on the men firing or controlling it. Under good 
conditions of firing and whm the box is placed cold into a furnace at full 
heat (correct temperature), a rough estimate may be formed by assuming that 
the correct temperature travels towards the cemtre of the box at the rate of 

inches per hour. 
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Cooling. — In the case of normalising this is effected by placing the work 
on the floor and allowing it to cool in still air. The rate of cooling by this 
method may be termed the normal rate.” In annealing, however, the rate 
is usually slower than the normal rate and this is obtained by one of the 
following methods : — 

(1) Leaving as much metal on the part as possible, or by actually 

arranging for the parts to be much heavier (machining the excess 
metal off after treatment) and cooling on the floor. 

(2) Packing the parts in open trays A\'ith either iron turnings or steel 

swarf, burnt sand, lime, or ashes, then removing these trays to cool 
on the flooi^. 

(3) Packing the parts in closed boxes with any of the abo v' e substances 

or with sawdust or exhausted carburising compound, then removing 
these boxes to cool on the floor. 

(4) By removing the parts from the furnace and placing them in a 

built-in space or pit, covering them with ashes, sand, or lime. 

(5) By allowing the furnace to cool down w ith the w^ork inside. 

The first method is not often employed owning to w^aste of metal or cost of 
machining, but occasionally a large mass of metal is desirable in order to reduce 
distortion in subsequent heat treatments, and its presence can then be taken 
advantage of during annealing. 

Methods (2) and (3) are useful for small parts, sheet metal pressings, or 
stampings, etc. — sawdust is particularly effective in preventing oxidation — the 
23arts often being as bright on removal from the box as when they were placed 
in it. The time element in heating, however, is a drawback with this method. 

Method (4) is a very practical method for medium or faMy large work and 
has the imjDortant advantage of enabling fairly rapid heating to be obtained 
and, at the same time, relieving the furnace of its load as soon as the soakmg 
heat is completed. 

Method (5) is used mainly for large w^ork — ^perhaps in single pieces, each 
occupying a furnace to itself. This method has the disadvantage of locking 
up the furnace for a considerable time (during cooling), thus extra furnaces are 
required, and for small work is not as practical or economical as method (4). 

Special Annealing Processes. — ^When the structure of the material is 
coarse-grained due to overheating the steel, such as w^hen forging and finishing 
at too high a temperature, ordinary methods of annealing^fail to produce the 
required refinement. In such cases it is advisable to break up the structure 
and aid diffusion by heating to a high temperature, cooling in air and then to 
give the work the standard annealing treatment already described, 

A suitable scheme of treatment is to heat up to a temperature about 150° C. 
above the upper critical range, soaking the work at this temperature for a 
pieriod of about 45 minutes for each inch thickness of section, and allow- 
ing it to cool on the floor as for normalising. The original structure is then 
reduced to a finer grain, although still too coarse, but the constituents are 
diffused more equally. By then giving the work a second heating, following 
the lines of ordinary annealing, the fine-grained, well-diffused structure will be 
obtained. With alloy steels the temperature of the first heating may be 
higher, say, 200° C. above the upper critical range, and the soakmg time 
greater, with advantage to the final result. 

With severely overheated steels the treatment is more difficult and may 
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be commercially impracticable, the cost being greater than the value of the 
work to be restored. An exceedingly coarse-grained structure such as that 
shown by Fig. 131, may require many heatings or, instead, one or two very 
prolonged heatings before a satisfactory state is obtained ; v hile if the steel has 
been so overheated as to produce burning, nothing short of complete remelting 
and refining can restore it. 

Annealing Alloy Steels. — Some alloy steels do not respond to the 
ordinary annealing treatment. This is on account of their tendency to self- 
harden due to the presence of chromium in large amounts, or to certain 
critical ratios of the nickel and chromium in conjunction with high percentages 
of carbon. A few such steels are given in the following list, which for safety’s 
sake includes a few which behave doubtfully under commercial conditions, 
sometimes appearing to be hard and at other times moderately soft : — 


List of Alloy Steels requiring Special x\nnealing Treatment. 

Nickel Chrome Oil -hardening (C 0*35, Ni 1‘2, Cr 1*2 per cent.) 

„ „ (C 0*30, Ni 3-0, Cr 1-0 „ ) 

„ „ (C 0*40, Ni 4-0, Cr 1-5 „ ) 

Nickel Chrome Case-hardening{C 0*15, Ni 3 ‘5, Cr IT ,, ) 

(C OTo, Ni 4*5, Cr 1-5 ,, ) 

Also the carburised surfaces of the following : — 

Nickel Case-hardening (C 0T5, Ni 3*0 i3er cent.) 

„ „ (C 0T5, Ni 5*0 „ ) 

Nickel Chrome Case-hardening (C 0T5, Ni 2*0, Cr 0*8 per cent.) 

„ „ (C 0T5, Ni 3-5, Cr IT „ ) 

„ „ (C 0T5, Ni 4*5, Cr 1-5 „ ) 

The case-hardening steels in the above list do not self -harden if cooled slowly 

in a furnace or pit, but if air-cooled as in normalising they will be found to have 
hard places or spots which will interfere with such machining operations as 
milling, gear cutting, etc., even though the Brinell hardness may appear low 
enough for all ordinary machining. When carburised and allowed to cool 
slowly in the carburising pots the case w^ill often be found quite hard, and 
where delicate machining operations must be done on the case it becomes 
necessary to anneal. 

With such steels the annealing should be done at temperatures below the 
upper critical range Ac3, the best temperature being a httle below the Arl 
range. A very satisfactory temperature for this class of steels, ignoring the 
difference in composition and the various critical ranges, is 650° C. This 
temperature is almost a ‘ noble” point in the temperature scale because 
almost all steels, whether carbon or alloy, can be annealed for machining by 
simply heating them to 650° 0. and allowing them to cool on the floor. 

It should, however, be borne in mind that this treatment does not have 
any appreciable effect on the grain size and cannot therefore be regarded as a 
refining heat. "Where the grain size has to be reduced and diffusion effected 
it will be necessary to normalise the work before annealing it in this manner. 

The double treatment just described is applicable to all steels and will 
be found to give the best combination of ductility, strength, and machining 
properties. So important is it that space is well devoted in laying the treat- 
ment out in the following form. 
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Carbon Steels 

(1) Heat to a temperature 30° C. above upper critical range, sc 
30 minutes for each inch of section, cool on floor as for normahsing. 

(2) Reheat to a temperature 50° C. below upper critical range, soak 
30 minutes for each inch of section, cool on floor as above. 

Alloy Steels 

(1) Heat to a temperature 100° C. above upper critical range, soak 
30 minutes for each inch of section, cool on floor as for normalising. 

(2) Reheat to a temperature 100° C. below upper critical range, soak 
30 minutes for each inch of section, cool on floor as for normalising. 

When the maximum of ductility is required and strength is a minor con- 
sideration as, for example, in the case of press work and other cold stampings, 
the above treatment should be modified and carried out as follows : — 

Carbon Steels 

(1) Heat to a temperature 30° C. above upper critical range Ac3, 
soak 30 minutes for each inch of section, cool slowly in box, pit, or furnace. 

(2) Reheat to a temperature 10° C. above the Arl point, soak 30 
minutes for each inch of section, cool slowly in box, pit, or furnace. 


Hardening 

With the process of hardening there must be associated the subsequent 
process of tempering or toughening, for it is very seldom that the former is 
carried out without the latter. Most steels when hardened by quenching are 
unsafe for use owing to their brittleness and tendency to crack, hence the 
subsequent or comphmentary operation of tempering or toughening (some- 
times referred to as “ letting down ”) must be applied to reduce this brittleness 
and to remove the internal stresses and strains which produce the cracks. 

In the case of low carbon steels (0*3 per cent.) and with some alloy steels 
containing low percentages of nickel and chromium, etc., the hardening process 
may not be followed by tempering as this is not so necessairy. The “ harden- 
ing ” of such steels does not produce the result that is usually associated with 
the word “ hardness,'’ because these steels are incapable of being hardened in 
that sense. In such cases the operation is often referred to as toughening. 

Now the word “ hardness ” has very different meanings, depending on the 
nature of the work and on the requirements of the machine shop. Work which 
Has been treated may be considered soft by the turner and yet be “ too hard ” 
for the miller, in ftict, the opinions of different machinists will be found to vary 
according to the class of machine or machining operation and the nature of 
the operation. 

It is good practice, and is becoming more general, to heat treat the work in 
the rough state either as a forging or afterrough machining and then to machine 
to the finished size. It is, therefore, important for the designer to know what 
the hardness Hmits are for different machining operations, so that he can fix on 
a certain maximum tensile strength (which is usually co-related with hardness) 
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that will render it possible for the work to be machined with ease at each stage. 
Of course, when the designer is compelled to adopt high stresses for certain 
parts it will be necessary to treat the work after machining, taking precautions 
to avoid excessive distortion and then to grind to final size. 

Unfortimately it is not possible t-o state definitely what the hardness 
limits for the different machming operations should be ; the latter vary so 
much, and depend so much on the type of machine used, the kind of tool steel 
emiDloyed, and, perhaps more than anything else, on the commercial aspect, 
i,e, cost of the operation, which depends on the feeds and speeds employed. 

The hardness as measured by the Brinell machine serves as a useful indica- 
tion of the machinabnity of the treated steel, and as the tensile strength is 
related to these measurements a rough connection is established between the 
strength of the part and its machining qualities. 

The follow^ing table has been drawn up by the authors on the basis of 
general observations. It is the result of a series of measurements co-relating 
the Brinnell values with the general behaviour of the steel under machining 
operations. The standard taken is mild steel of about 25 tons per square inch 
tensile strength with 0*2 to 0*25 per cent, carbon, and for the sake of com- 
parison. the value assigned for the cutting property of this steel is 100 when 
turned in a lathe va ith a single-point cutting tool. 


Brinell Values. ; Tensile Strength. 


Cutting Properties (approx.). 


llardiir-ss 

Xo. 

Diam. of 
Impression, 
mm. 

1 Tons per sq. in. 


Single-point test. 


Carbon 

steel. 

Alloy 

steel. 

Turning. 

Planing. 

Milling. 

Drilling. 

80 

6-50 

21-7 


95 

9.5 

75 

60 

97 

5-95 

25 '5 

— 

100 

100 

80 

70 

1J8 

5-45 

30-2 

— 

95 

95 

75 

65 

140 

5 05 

34-8 

— 

90 

90 

70 

60 

166 

4*65 

40-2 

42 0 

80 

80 

65 

55 

192 

4*35 

45-0 

47-0 

65 

65 

50 

40 

207 

4*20 

48-0 

49-8 

50 

50 

35 

30 

235 

3*95 

53-4 

55 0 

35 

35 

25 

20 

262 

! 3-75 

58-0 

60-0 

25 

25 

15 

10 

286 

3-60 

— 

65-0 

20 

20 

10 


311 

3-45 

— 

70 0 

15 

15 

7 

3 

340 

i 3-30 

— 

760 

10 

10 

! 5 

2 

364 

; 3-20 

— 

81*0 

7 

7 

! 3 

1 

387 

310 

— 

85-0 

5 

5 

2 



402 

3 05 

— 

88-0 

3 

3 

i 1 



418 

3 00 

; — 

92*0 

2 

2 

i 



444 

i 2*90 

— 

97 0 

1 

1 





477 

2-80 

i — 

104 0 

— 

; 




512 

2-70 


112-0 

• — 

; — 

■ — 

— 


The commercial limit for machining may be taken at about 30, because 
from the practical point of view the machming of large quantities of work 
harder than that given in the table is not a success. It is, of course, possible 
to machine material harder than this, but the operations become such as to 
require care, time, and the close attention of skilled men. 
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The operation of hardening, like that of normalising or annealing, consists 
of three phases : (1 ) Heating, (2) Soaking, and (3) Cooling. 

The precautions in heating are the same as with normalising, but are m ;re 
necessary because of the subsequent rapid cooling or quenching phase. 

The temperature is of great importance as the results produced are affected, 
often very considerably, by an alteration of 10° to 20° C., while with some 
steels an alteration of 30° C. means all the difference between good and bad 
results. 

Since the object of hardening is to refine the steel as well as to obtain the 
maximum hardness, it follows that the best temperature is one which is only a 
little above the upper critical range. But here again the initial structure of 
the material has to be considered, and if this be coarse-grained and badly 
diffused the temperature of the operation will have to be modified to suit. 

It should, however, be made a most rigid rule that all work to be hardened 
should be normalised or perhaj)s annealed at some stage previous to hardening. 
The hardening operation can then be conducted on work in which the initial 
structure is fine-grained and the constituents are well diffused, thus securing 
every opportunity for obtaining the maximum hardness and greatest refine- 
ment of grain, etc. The importance of this procedure cannot be too strongly 
emphasised. The hardening operation may give a degree of hardness or a 
tensile result which is satisfactory, but if the grain is coarse and the structure 
badly diffused the ductility of the material vill be poor (as shown by the 
elongation and reduction of area) while the dynamic strength will be exceed- 
ingly poor (as shown by the impact value). 

Commercially, much hardened work is checked by the Brinell machine or 
by the scleroscope ; most admirable methods n^hich unfortunately, however, do 
not indicate the degree of refinement of the steel and consequently its dynamic 
strength. The impact test cannot be applied to each piece unless a test piece 
forms part of it and this is practically prohibitive on account of cost, etc. To 
secure immunity from trouble, therefore, the work should be either normalised 
or else weU annealed, preferably the former. The hardening operation can 
then fulfil its proper function without being called upon to correct the bad 
results due to forging, stamping or rolling, etc. 

Assuming, therefore, that the steel is in a good state, the following general 
rule can be laid down: — The lowest temperature giving the required result 
is the best temperature and should be adopted. Higher temperatures so often 
advocated only increase the grain-size and bring about greater distortion 
effects. Without doubt many troubles attributed to the steel maker are really 
caused by this tendency to overheat the steel when hardening. 

As a rough guide the hardening temperatures can be taken to be the same 
as for normalising (see list of normalising temperatures), but no definite schedule 
of temperatures can be given ; each part should be considered specially, and if 
possible experiments carried out to determine the best temperature. Parti- 
culars of suitable treatments are given as a guide in Chapters XI, XII, XIII, 
dealing with each class of steel. 

Soaking Time. — ^This should be about 30 minutes for each inch thickness 
of section, but although this figure is given it is necessary to bear in mind that 
much depends on the steel itself and the conditions ruling at the time. Carbon 
steels do not require as much time as alloy steels, and steel that has been 
normalised carefully does not require so much time as steel possessing a coarse 
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or badly diffused structure. Some tests on a nickel chrome steel are shown 
graphically in Fig. 139, and these demonstrate the importance of soaking the 
steel well before quenching. 

In this series of tests eacli bar was 1 inches diameter and all were heated to 
a temperature of 825° C. The first bar was withdrawn w hen this temperature 
had been maintained for five minutes and the other bars w ere taken out at 
ten-minute intervals, each being quenched in oil and then reheated to 550° C., 
soaked thirty minutes, and quenched again. 



'SoaUinq 7'c/rte /^crrutes. 


Fig. 139. — Effect of “ Soaking ” Time in the Hardening Operation. Nickel chrome oil- 
hardening steel. See also Fig. 140 for reheating or toughening operation. 

Cooling or Quenching. — ^This important phase is dealt with already 
under “ Method of Quenching.” One point, however, which should be men- 
tioned again is the selection of the quenching medium. This should be oil when- 
ever possible and wherever distortion is to be avoided. Also the uniformity 
of temperature at the time of quenching should be attended to carefully in 
order to prevent excessive distortion and possible cracking. Certain alloy 
steels should be cooled simply in still air in order to obtain the desired degree 
of hardness and at the same time to avoid distortion. These steels belong to 
the “air-hardening” class and for convenience are dealt with later in this 
chapter and also in Chapter XII. 



HEAT TREATMENT OF STEEL & OTHER MATERIALS 209 

Tempering and Toughening 

This operation, as has been already explained, is reall}^ a continuation 
of the hardening process. No hardened steel should be put into service 
until it has been temx)ered, even when it is desired to retain the maximum 
degree of hardness. The simple reheating of the hardened steel to a low 
temijerature, perhaps only a little hotter than boiling water, Nvill relieve a good 
deal of the internal strain caused by hardening, and so reduce its brittleness 
and tendency to crack. This treatment improves the dynamic strength of the 
steel considerably. 

Steel when heated to a higher temperature commences to lose its hardness 
but becomes tougher (see Fig. 159). 

Heating. — Tool makers have made use of the oxidation colours that 
appear on polished steel when gradually heated, and such expressions as 
“ tempering to a straw colour ” are still in use. But while such a method is 
more or less successful with a few tools, it cannot be applied to mass production 
in an engineering works, particularly to engine and other parts. Therefore, 
w^hether or not the use of this colour method is satisfactory need not be debated 
here. What must be firmly decided upon, however, is the use of thermometers 
or pyrometers for controlling the temperature of the work under treatment. 

For low temperatures up to 250° C. an oil bath is the best medium for 
heating the w^ork. Any other method is too uncertain as regards temperature, 
and too slow commercially. Uniformity of heating is secured, the thin sections 
being heated to the same temperature as the more massive portions. 

Higher temperatures can be obtained by using lead or a tin-lead alloy, or 
better still a salt bath. These may have the compositions given below. 

Molten Metal Baths. 

Melting point. 

Lead 320° to 330° C. 

Lead 65 per cent., Tin 35 per cent. . . . . 220° C. approx. 

Lead 83 per cent., Tin 17 per cent. . . . . 260° C. approx. 

Salt Baths. 

Potassium Nitrate . . . . . . . . . . 335° C. approx. 

Sodium Nitrate . , . . . . . . . . 280° C. approx. 

Potassium Nitrate 40 per cent.. Sodium Nitrate 60 

per cent. . . . . . . . . . . . . 180°*C. approx. 

Potassium Chloride 40 per cent.. Sodium Chloride 

60 per cent. . , . . . . . . . . 500° C. approx. 

Above the temperature of 550° C. an ordinaiy gas-fired furnace can be 
used, for in this region of the temperature range a variation of a few degrees 
will not affect the result seriously. At the lower temperatures, however, the 
accuracy of heating is very important, a variation of 10° C. having a considerable 
influence on the results. 

Soaking. — At the lower temperatures the soaking time should be about 
30 minutes for small parts such as automobile gears. The hardening strains 
are practically removed during the heating, and it is only necessary to ensure 
that the piece has been uniformly heated and well soaked through. 

At higher temperatures, more time must be given for the internal changes 
to take place. At about 200° C. the martensite begins to change into troostite, 
and as the temperature is raised, more and more troostite is formed. Then at 

p 
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about 400° C. the troostite begins changing into sorbite, and the amount of 
tins increases as the temperature is raised. Sorbite in its turn goes through 
different modifications, passing into sorbitic pearlite and then slowly into 
granular pearlite, and eventually into lamellar pearlite. 

These changes not only depend on the temperature but also on the duration 
of heating (or soaking time) and it is important therefore that work should be 
given time enough to obtain the full advantage of the treatment. The dynamic 
strength of the material is considerably affected by modifying the soaking 
time, so also is the ductility. This fact is shown by Fig. 140, which represents 
r 



Fig. 140. — Effect of “ Soaking ” Time in the “ Toughening ” Operation. Nickel Chrome 

Oil -hardening Steel. (See Fig. 139.) 


the results of some tests carried out on bars IJ inches diameter of a nickel 
chrome steel. These bars had been hardened by quenching in oil from a 
temperature of 825° C., and to determine the effect of the soaking time they 
were reheated for different periods of time at a temperature of 600° C. and 
then machined into test pieces and tested. It will be noticed that not until 
the soaking time is 30 minutes have the test pieces attained a stable condition. 
Above this time there is little improvement in the qualities of tte steel. The 
dynamic strength as represented by the impact tests (Izod machine) shows the 
greatest change throughout. 
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Cooling. — At the lower temperatures (up to 250° C.) the cooling can take 
place in air (on the floor), there being no appreciable change in the steel at Ihis 
low temperature. But at higher temperatures it is necessary to take account 
of the composition of steel and either to cool slowly or to quench in water 
or oil. 

With carbon steels slow cooling either in the furnace or pit (or in boxes) 
may be adopted. AUoy steels, how^ever, if treated this way wdll give, in most 
cases, inferior impact values and poor ductility ; and it is now an established 
fact that quenching in oil or water after the toughening heat gives the best 
results. 

Commercially the carbon steel parts can be placed in a heap in an enclosed 
space so that they cool slowly. This tends to prevent stresses being set up 
in the material. 

At tliis stage it is advisable to draw attention to an important ]3oint con- 
cerning alloy steels which is dealt with in Chapter XII, but which is intimately 
connected with the toughening operation. Tests carried out on many of the 
alloy steels show that the majority are really only suitable when tempered at 
temperatures below 250° C. or else toughened at temperatures above 500° C.\ 
Steel hardened and then reheated (for toughening) to temperatures between 
these two figures is found to have a \'ery low dynamic strength, and in other 
respects to be very unstable — a few degrees variation causing a considerable 
change in its properities. 

It should be made a rule that onR steels which give the desired results after 
tempering at temperatures not excee^ng 250° C. or after toughening at tempera- 
tures above 550° C. should be used. A steel which requires toughening at a 
temperature between 250° C. and 550° C. to give the correct tensile strength 
should be regarded with suspicion and not be put into service until tests have 
been carried out to determine the impact qualities or dynamic strength. 

From the working point of view steels which require toughening at 600° to 
650° C. are better to handle. They come jiist within the visible red heats, 
which fact makes it easier for the hardener to judge the thoroughness of 
heating and soaking. Also as a rule these steels are less sensitive to a variation 
in temperature, and the operation therefore is better from the commercial 
point of view. 

Air-hardening 

Alloy steels containing a high percentage of chromium or manganese, in 
conjunction with a fairly high percentage of carbon, do not require quenching 
in oil or water to secure hardness. After heating to above the critical range 
temperature, the requisite degree of hardness can be obtained by simply cooling 
the steel in still air. Such steels are known as “ air-hardening ” or “ self- 
hardening ” steels. 

Reference has been made, already, to the tendency of some steels to self- 
harden, particularly the nickel chrome series containing high percentages of 
nickel and chromium, but although this tendency to harden in air is quite 
pronounced, many of these steels do not harden completely when cooled in air. 
There is no sharp line separating the air-hardening steels from the rest. The 
property of self-hardening is dependent on the slowness with which the solid 
solution transforms into its components cementite, pearlite, and ferrite, and 
as nickel, chromium, and manganese appear to retard the change, it is evident 
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that this property is controlled by the amount of these alloying metals that is 
added to the steel. Thus, as is explained under the heading “ Annealing 
Alloy Steels/’ several steels appear to harden at times and at others are 
soft enough to machine. 

Those steels that can be hardened definitely by cooling in air are usually 
of the following compositions : — 

Nickel Chrome Air-hardening Steels. 


Approximate Percentage of Elements. 


Carbon 

Manganese 

Nickel 

Chromium 

Sulphur 

Phosphorus 

Silicon 


Xo. 1. Xo. 2. 

0-35 0-30 

0 - 60 0 (50 

400 4-50 

1- 25 loO 

0 04 0 03 

004 003 

.. , 0-25 0-25 


These steels should be heated to a temperature of 820° C. and then cooled in 
still air ; the usual precautions as to heating and soaking being observed. 
An air blast is unnecessary and does not increase the hardness. Oil or water 
quenching may produce a very slightly higher tensile strength, but the risk of 
cracking is very great. 

Tempering or toughening is necessary to obtain the best qualities, and air- 
hardening steel, after hardening, should be reheated to a temperature that gives 
the desired mechanical strength. Usually, this class of steel is employed for 
gears reqmring the maximum degree of hardness, but even then it is advisable 
to reheat the steel in boiling water to relieve to some extent the hardening 
stresses. A slightly higher temperature (160-180° C.) Avill further improve the 
steel and increase its dynamic strength. 

Reheating to still higher temperatures brings about results similar to those 
obtained with the usual oil-hardening alloy steels. 

Case-hardening 

The object of case-hardening is to obtain a material having a hard wearing 
surface and yet sufficiently ductile to resist shock or bending stresses without 
breaking. In other words, it should have the properties of both high and low 
carbon steels. A high carbon steel gives the requisite hardness, but is too 
brittle, while a mild steel which is not brittle will not harden sufficiently. To 
obtain a combination of the two it is necessary to select a steel having a low 
carbon content, giving the required toughness and ductility, and ^en to 
impregnate the surface with carbon so that a layer of high carbon steel is 
formed which when suitably heat-treated will give the hardness desired. 

The process of case-hardening is, therefore, first to carburise (or impregnate 
the surface of the steel with carbon), and then to heat treat the carburised 
steel so that both the high carbon surface and the low carbon interior give 
the desired mechanical properties. 

The high carbon surface is known as the “ case ” and the low^ carbon 
centre the “ core,” these terms being universally understood in this sense. 
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Selection of Steel. — Much care is required in selecting steel for case- 
hardened work, for not only is it necessary to obtain a core which will not show 
signs of brittleness, but it is desirable that it should be free from those impuri- ies 
and defects which lead to cracks and other troubles in the case. So important is 
the selection of case-hardening steel that the authors have devoted a chapter to 
it entirely, and in this have explained at some length the principal difficulties 
and defects that arise during the handling of such material. Thus reference 
should be made to this chapter (XIII) for particulars of the steels used, and 
the effects of various impurities. 

Carburising Process. — ^The impregnation of the steel with carbon is 
accomplished by surrounding it with a substance or mixture * rich in 
carbon and then heating both to a high temperature, when the steel will be 
found to take up carbon and hold it in the combined form. The depth to 
which the carbon penetrates depends on the temperature, the time of heating, 
and also on the carbon-containing material which surrounds the steel. The 
nature of these carburising materials and the complete operation are 
described below . 

Selection of Carburising Medium. — It is not possible in this book to 
detail the constitution and behaviour of the various carburising media in 
use at the present time, but it is evident that such media must contain 
carbon in some form or other which at the correct temperature can be 
taken up by the steel and enter into combination with it. 

It is estabhshed that the deposition of carbon in the steel is mainly brought 
about by the presence of gases containing carbon, wffiich enter the pores of 
the steel ” and by coming into contact with the metal give up a portion 
of their carbon. This carbon at the proper temperature forms iron carbide 
and goes into solution, thus increasing the percentage of carbon in the steel. 
Naturally this action commences at the surface and then gradually penetrates 
into the metal, raising the carbon content progressively as it continues. 

It is essential, therefore, that the medium should be capable of producing 
gases rich in carbon at a temperature wffiich is high enough for the steel to 
take the carbon into solution. 

There are three classes of carburising media, viz., solid, liquid, and gaseous, 
each of which is particularly suitable for a certain class of work. The solid 
medium is the one generally used, the liquid (or fused compound) being used 
mainly for giving a thin but intensely hard case, while the gaseous method 
is more or less a modem development and would appear to be applicable only 
to small work in great quantities. 

Solid Carburising Compounds. — ^The necessary qualities of the solid 
medium are as follows ; — 

(1) To be rich in carbonaceous matter capable of generating gases 

rich in carbon at the correct carburising temperature for the steel 

(generally about 900° C.). 

(2) To contain a minimum amount of moisture and other substances 

forming gases at low temperature (below 600° C.). 

(3) To be free from phosphates, wffiich impart phosphorus to the steel. 

(4) To be free from sulphur compounds, which dissociate and give up 

sulphur to the steel. 

* Gases rich in carbon also are used but have not found much application 
commercially. 
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(5) To remain firm during carburising and not to sink to any great 

extent in the pot and thus cause distortion in the parts. 

(6) To be a good heat conductor in order to reduce the time taken up 

in heating the contents of the box, thus reducing the total time for 

the operation. 

(7) To be porous enough to facilitate the passage of the active gases 

required for carburising. 

Plain carbon such as wood charcoal is not often used alone because the 
rate of carburisation is too slow, but when used in conjunction ^\ith some of 
the alkahne salts the process is much more efficient. Thus a mixture con- 
taining 60 per cent, wood charcoal and 40 per cent, barium carbonate is one 
of the best known carburising media. 

In place of v ood charcoal it is common to use charred leather or charred 
bone or bone black, and in practice these are favoured to a great extent because 
the carburising operation can be carried out at a lover temperature and a 
case richer in carbon is obtained. Animal charcoal such as this ow es its more 
intense action to the generation of volatile hydrocarbons, which deposit carbon 
in steel much more rapidly than the gases produced by plain carbon and 
oxygen. Unfortunately this class of charcoal contains a large amount of 
calcium phosphate (derived from the bones), and there is a risk of this dis- 
sociating in the presence of iron and carbon and giving up some j)hosphorus 
to the steel itself. Sulphur is also liable to be given up and thus constitute a 
danger. 

The better carburising compounds now on the market appear to contam 
a proportion of wood charcoal and animal charcoal, together with a small 
amount of barium carbonate. Thus the rapid carburising tendency of the 
animal charcoal is tempered by the slower v ood charcoal and barium carbonate 
mixture. 

Such compounds on analysis vill be found to contain from 45 to 60 per 
cent, of total carbon, the volatile matter representing the hydrocarbons 
amounting to as much as 10 per cent, in some cases. The amount of barium 
carbonate appears to vary from 10 to 20 per cent. The analyses of a few of 
these compounds are giv^en below. 

Carburising Compounds. 




No. 1. 

No. 2. 

No. 3. 

Total Carbon 

59T5 

47-3 

40-08 

Loss at 100° C. (moisture) 

.. ; 5-83 

6-46 

10-0 

Total volatile matter . . 

12-50 

15-10 

33-84 

Barium Carbonate 

.. i 1302 

20-70 

Nil 

Sulphur as sulphides , . , . . 

0-12 

0-12 

0-035 

Sulphur as sulphate 

.. : 2-78 

2-57 

1-04 

Phosphorus 

0-25 

0-29 

i 0-27 

Phosphorus as phosphoric acid 

0-56 

j 0-67 

1-17 


When these compounds are burnt there is usually an ash left, amounting 
to 20 to 40 per cent., and a close analysis of this reveals the probable compo- 
sition of the compound so far as the sulphur and phosphorus are concerned. 
In the compounds Nos. 1 and 2 above, the bulk of the sulphur existed as calcium 
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sulphate, which is harmless so far as the steel is concerned. That sulphur 
which existed as a sulphide is, however, chemically active and would coirMne 
with the steel producing soft spots in the ‘‘ case.” The amount of sulphur, 
therefore, in this form must be watched, but provided it does not exceed 
0*5 per cent, its presence can be neglected. 

Phosphorus is detrimental in so far as it tends to combine with the iron to 
form iron phosphide and to produce a brittle case which will crack or splinter. 
It also causes bhstering of the surface, due to the fact that phosphide of iron 



Fig. 141. — Effect of Sulphur in Carburising Compound on Case-hardened Parts. Curves 
showing penetration of sulphur in a plain carbon steel, using 3 compounds containing 
different proportions of sulphur. 


melts at a temperature about 950” 0 ., and if the carburising operation is 
conducted at this temperature this defect may appear. 

Both sulphur and phosphorus penetrate only to a ve^ slight depth and 
are usually machined or ground away in the subsequent finishing o^rations. 

The authors have carried out tests to determine the “ penetrative ” power 
of sulphur. The results of these tests are shown in Figs. 141 and 142, which 
are graphs showing the percentage of sulphur found in the case at different 
depths when using compounds containing different percentages of sulphur in 
the form of active sulphides. The compound used was the same throughout, 
but additions of ferrous sulphide were made, and the figures given are the 
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actual analyses of the ‘‘ doctored ” compound. After carburising, layers were 
machined off and the turnings collected and analysed, each layer being 
IJ thousandths deep. 

Fig. 141 is for a plain carbon steel, and Fig. 142 is for a 3 per cent, nickel 
steel. In both cases it will be noticed that the sulphur falls off very rapidly 
with increase of depth, and in all cases it is not dangerous at a depth of 0 005 to 
0 006 inch even when the compound contains TS per cent, of active sulphur. 
Thus as it is quite usual to grind as much as *005 inch off^case-hardened parts 
the sulphur-rich portions are removed. 



'Sulp/iur T^enetratcon in thousan<it?ts^cnc^. 

Fig. 142. — Effect of Sulphur in Carburising Compound on Case-hardened Parts. Curves 
showing penetration of sulphur in a 3 per cent, nickel steel, using 3 compounds 
containing different proportions of sulphur. 

Moisture in the compound is simply waste money and should not exceed 
5 or 6 per cent. It is evaporated, of course, during the early stages of the 
heating, and is a source of nuisance in that it breaks the sealing or luting 
round the lid of the box, thus making way for the escape of the active gases 
when these are formed later. 

Some carburising compounds contain oils rich in hydrocarbons, and No. 3 
compound given above is an example of such. This compound is intended to 
be a rapid one to give very rich cases. Such compounds are easily recognised 
by their oil-sticky character and by their high volatility figures. 

There are many carburising compounds on the market which cannot be 
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regarded as efi&cient and which often are distinct frauds. Such compounds 
will be found to contain common salt, saltpetre, fluor, Hmestone, sawr’ast, 
potassium ferrocyanide, or vegetable husks. One which was examined appeared 
to consist principally (80 per cent.) of a white clay that had been baked and 
then crushed in small pieces. This was porous and appeared to hold an oily 
mixture of soot. The total carbon only amounted to 9 or 10 per cent, and the 
compound w^as a complete failure when a depth of case of 1 mm. (0*039") was 
required. 

Anti-Carburising Compounds. — ^It is necessary in many instances to 
prevent the formation of “ case ” on some portions of an article. A common 
example of this is the threaded portion on a spindle or shaft which has to be 
case-hardened. The threads, owing to their comparatively small section, would 
be carburised right through, and therefore would be too brittle to resist normal 
stresses. 

There are several methods which are more or less successful in preventing 
the penetration of carbon into the steel. Of these, copper plating has been used 
extensively, but unless the coating is thick and close grained a small amount of 
carbon will penetrate it. A common but very unrehable material is ordinary 
fireclay. This when heated cracks and tends to peel off, thus allowing the 
carburising gases to reach the steel. 

Several compounds are now on the market and some of these are fairly 
efficient. Usually they are in the form of a powder which must be mixed with 
water to the consistency of putty or (in some cases) paint, and then apphed 
to those portions of the article which require protection. 

The most reliable method consists in leaving an excess of metal on all those 
portions that are intended to be soft.” After carburising this excess is 
machined off and the part is then hardened. The amount of metal must be 
such that the machining operation completely removes the carburised zone. 
Thus w'hen the depth of case in the hard areas is I mm. (0 030") the excess of 
metal in the soft areas should be at least 1*5 mm. (0 058") to ensure the 
complete absence of the carburising influence at the finished size. 

Carburising Operation. — ^The parts to be carburised are packed in 
boxes with the compound and are then heated gradually to the carburising 
temperature, usually about 900° C. to 950° C., and allowed to remain at this 
temperature until the required depth of case is obtained, when the boxes are 
withdravm from the furnace and placed on one side to cool before being 
opened. 

The boxes should be chosen carefully to suit the wori^ and, if possible, should 
follow the outline of the parts, allowing about 2 inches clearance for packing, 
etc. Much ignorance is displayed over this matter, and large boxes are very 
i often filled with a number of small parts, some of which are placed near the 
sides and others in the centre. The result is unequal depths of carburising, 
due to the time (often many hours) taken to heat the centre of the box up to 
the correct temperature after the outer portions have attained that tempera- 
ture. The work placed near the sides and top or bottom commences taking 
up carbon hours before the work placed in the centre and consequently 
receives a deeper ease, while that in the centre is carburised to an insufficient 
depth. 

Another factor often overlooked is the provision of feet or other means 
for raising the bottom of the box above the furnace floor and so allowing the 
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free circulation of hot furnace gases all round the box. Usually the bottom of 
the box rests direct on the furnace floor ; and, consequently, work placed at 
the bottom of the box is the last to be heated up. With furnaces which are 
bottom-heated this difficulty is not so serious. 

The boxes must be provided with close-fitting covers. 

The usual materials for carburising boxes are malleable iron, vTought iron, 
or mild steel. Cast iron is used sometimes but does not stand many heatings 
and, further, is porous. Malleable iron is the best of these. All of them suffer 
badly through oxidation and soon become very thin and weak. Lately, boxes 
cast from special cobalt chrome or nickel chrome steel are finding favour, on 
account of the non-corrodibility of these alloys and consequent long fife. 
The objection to these lies in initial expense, but this is probably counter- 
balanced by increased fife, which appears to be hmited only by resistance to 
repeated heating and cooling which tends to crack the material. 

The boxes, and covers also, when very long, should be strengthened with 
ribs or flanges to prevent w^arping, further they should be narrow^ so as to 
facilitate heating through, and should not be deeper than is absolutely 
necessar3\ It is also advisable to make them slightly taper so that the top 
is wider than the bottom, when the contents are more easily tipped out. 

The pacldng of the work should receive careful consideration so as to 
secure uniformity of results ; even heating must be aimed at. Regularly-shaped 
articles and hea\^ w ork do not require the same care as slender pieces or 
irregularly shaped parts, which should be packed specially. The possibility of 
sagging during carburisation must be borne in mind, and if possible delicate 
spindles or shafts should be packed in a vertical position, the heaviest portion 
being jolaced at the bottom. 

Gear wheels and pinions should be packed m boxes of circular form so that 
the teeth are close to the w all and at a uniform distance from it (about li to 
2 inches). 

Old compounds * may be used next to portions where a deep case is not 
required, or where one portion is hkely to be heated much in advance of the 
other portions. 

The procedure in packing a box is first to place a layer of compound on the 
bottom to a depth of about li inches, and to tamp it dowm sohdly. Next, the 
parts to be carburised are placed on this^ and carefully spaced out so that they 
are about 1 inch from each other, and from the sides of the box. More com- 
pound then is put in and carefully tamped in between the work so as to be in 
close contact with it, but yet not so tightly packed as to hinder the free move- 
ment of the carburising gases when formed. Further quantities of compound 
are tamped into position, and if necessary a. second layer of parts is placed in 
position, care being taken to ensure the piesence of 1 to inches of 
compound between the layers. Finally, a layer of compound at least 2 inches 
thick is added and the cover placed in position and luted up with fireclay or 
cement. Sometimes the top portion of the box is filled in with old compound, 
but at least 1 inch of new compound should be placed above the work. 

* Old compounds are those that have been used once or twice. In practice a propor- 
tion of new compound is added to the used compound for ordinary carburising. The 
amount added depends on the class of compound used and may vary from 10 to 30 
per cent, of the total. Usually it is sufficient to make good the loss by wastage, thus 
maintaining a constant quantity of compound in use. 
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Heating. — It is advisable to heat the loaded boxes slowly, up to 
700° C., and then uniformly and steadily to the correct carburising heat. \t a 
temperature a little under 700° C. gases are hberated from the compound, and 
at 800° C., unless the whole of the box is approximately at the same 
temjDerature, some of these gases wiU be lost without depositing any carbon 
in the steel. 

Commercially, however, it is not possible always to carry out the heating 
so gradually : usually the furnace after having one load discharged is re- 
charged almost at once. The introduction of the cold boxes lowers the 
temperature of the furnace, of course, very considerably, but it is not long 
before the outer portions of the boxes are “ up to heat ” w hile the centres are 
probably only warm. In practice this does not appear to be serious, in 
fact with most work the results are quite satisfactory. It is, of course, very 
essential that the packing and distribution of the parts should be attended 
to carefully. The penetration of carbon proceeds more rapidl\^ at the com- 
mencement, but when the depth of case required is about I mm. or ’OSO inch 
the time occupied in carburismg may be 6 to 8 hours, and therefore any small 
difference in the rate of heating of the work is not of great importance, owung 
to the slowness of the penetration at such depths. 

For shallow cases requiring only a short carburising period, the rate of 
heating becomes more important, owing to the rapid penetration of the carbon 
at these small depths. 

Carburising Temperature. — ^The temperature at w^hich carburising 
should take place depends (1) on the compound, (2) on the steel, and (3) on 
the depth of case required. 

Most commercial carburising compounds commence giv^ing off gases at 
600° G. and at 700° to 800° C. the evolution is veiy rapid, hence it is unnecessary 
to raise the temperature higher to obtain the required carburising gases. On the 
other hand, the steel will not take up the carbon * with sufficient rapidity 
until it is raised to a temperature above its upper critical range when the 
carbon can go into solution in the steel. Now with plain carbon steel con- 
taining less than 0*2 per cent, carbon the critical range is about 850° C., 
which means that it is necessary tb carburise above this temperature. 

Further, the rate of penetration of the carbon increases with temperature, 
and sometimes, in order to secure great depths of case iji as short a time as 
possible, the temperature is raised considerably, sometimes as high as 1,050° to 
1 ,100° C. Such high temperatures, however, are not to be recommended owing 
to the coarse crystalline structure produced by the prolonged heating at such 
temperature (see Fig. 143). The difficulty of refining the steel afterwards is 
great, moreover the distortion of the work is often serious and causes much 
trouble subsequently. The case produced is also veiy rich in carbon and 
contains, in consequence, much free cementite which, while imparting great 
hardness, is also responsible for cracking and peeling, and certainly renders 
grinding a delicate operation. 

Such high temperatures are also costly to maintain, both on account of fuel 
and on account of furnace deterioration and upkeep. 

With plain carbon steels of less than 0*2 per cent, carbon content, the best 

* The absorption of carbon commences at temperatures as low as 780° C., but in 
such small amount that, commercially, it is insignificant. The whole subject is dealt 
with most exhaustively in Giolitti’s book, “ The Cementation of Iron and Steel” 
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working temperature is 900° to 925° C. This temperature is sufficiently high 
to enable the carbon deposited from the gases to enter readily into solution 
in the steel, and is yet not too high to be uneconomical either in regard to 
the carburising compound, the fuel bill, or furnace upkeep. 

In the case of alloy case-hardening steels the upper critical range is lower 
than for carbon steels of the same carbon content, and for that reason they 
can be carburised at lower temperatures. As, ho\A ever, the rate of penetration 
is generally slower and, further, as the effect of prolonged heating on this 
structure is not so serious, it is good practice to carburise these at about 900° 
to 925° C. 

Cooling. — It is recognised generally that cooling in the boxes is the best 
practice, aiid the boxes, therefore, should be remo\Td from the furnace to a 



Fig.1143. — Micrograph of Plain Carbon Steel after the Carburising Operation, showing 
Coarse Structure due to Prolonged Heating. View of core. Magnification 150 
diameters ; etched with picric acid. 

sheltered position where they will require several hours to cool down to say 
200° or 300° C. The older practice of removing the parts from the box while 
hot and quenching them is exceedingly bad, especially if there is to be no subse- 
quent reding treatment. It is impossible to obtain consistent results owing 
to the practical difficulties in such a procedure. 

Further, as has been explained already, the carburising process has a 
deteriorating effect upon the core of the parts, and it is necessary to reheat 
the steel from a low temperature to above the critical range in order to refine 
it. The quenching of the steel, just as it is removed from the box, while 
hot simply fixes the coarse crystalline structure which has been formed 
during carburising, and produces work which will not withstand any serious 
shock. 

In many instances it is necessary to carry out certain machining operations 
after carburising, but before actually hardenmg the part. This occurs constantly 
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with parts which are required to have hardened surfaces on certain portions 
only, while the remainder is to be left soft. In such instances the soft port’* ms 
are left larger and then, after carburising, the excess metal (which includes 
the carburised area or zone) is machined off, the case disappearing with it. 

For such machining operations it is necessary that the steel should be 
soft, and to obtain this condition it should be cooled slowly in the boxes. 
This is particularly important m the case of alloy steels, some of which 
have a great tendency to self -harden and may do so even when cooled in 
the box. 

Refinement of Carburised Steel. — ^The steel during the long period 
of heating in the carburising operation develops a coarse crystalline structure 
which is useless for service. This coarse-grained and badly diffused structure 



Fig. 144. — Micrograph of Plain Carbon Steel after Carburismg Operation, showing 
Coarse Structure due to Prolonged Heating. View of “ case.” Magnification 400 
diameters ; etched with picric acid. 

is shown by the micrographs in Figs. 143 and 144, which show the core and 
case respectively. It is essential that this should be rectified by some form 
of refining treatment. 

Again, the parts after coohng in the box are soft, and it is neccessary 
to apply a treatment that will harden the case itself- Thus at least two 
operations must be carried out, one to refine the structure of the core and 
the other to harden the case. Sometimes, however, these two objects can be 
attained by a single operation. 

It is clear that in considering the heat treatment of such work, at least two 
classes of steel have to be taken into account ; one containing only a low 
percentage of carbon, and the other a high percentage like tool steel. With 
plain carbon steel the upper critical ranges of the two classes are widely apart. 
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that for the low carbon (under 0’2 per cent.) being about 850° C., and that for 
the case (0*9 per cent.) being about 750° C. Thus to refine the core, it is 
necessary to heat the steel to a temperature above 850° C. and to quench, but 
to harden the case it is only necessary to heat to above 750° C. and to quench. 

Heating to, say, 900° C. and quenching A\ill refine the core, and Avill also 
harden the case, but while apparently it does both operations at once, it really 
leaves the case in a coarse, crystalline state, even though it may be better than 
in its original condition just after carburisation. The case, owing to its lower 
“ critical range,” naturally assumes a coarser-grained structure at the high 
temperature of 900° C. than it would at the lower temperature of 750° C. to 
770° C. 

On the other hand, heating to, say, 770° C. and quenching, may produce 



Fig. 145. — ]Micrograph of Plain Carbon Steel (Fig. 143), after being “ Refined,” showing 
how the Carbon Areas have diffused. View of core. ^Magnification loO diameters ; 
etched with picric acid. 

a refined case which is perfectly hard, but the core will not be affected 
appreciably, and will remain in the original coarse-grained state found after 
carburisation. 

To obtain both a good core and a good case it is necessary, therefore, to 
heat and quench the carburised steel tmce, first at about 900° C. to refine 
the core and second at about 770° C. to refine and harden the case. 

The effect of this double treatment is shown by the micrographs in Pigs. 145 
and 146. 

The sensitiveness of the steel to this double treatment depends on whether 
it is a plain carbon, or an aUoy, steel. Carbon steels have to be heated to 
within close limits as regards temperature, to secure the best results, whereas 
a nickel steel, or even a nickel chrome steel, v ill give good results over a 
fairly wide range of temperature. At the same time the dynamic strength of 
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the core is closely affected, in all steels, by the quenching temperatures, and 
it is always advisable to determine carefully the best temperatures by aci aal 
trial. Tn Chapter XIII, on Case-hardening Steels, the curves given in Figs. 
174-5-t)-7-8 show how much latitude may be taken in the heat treatment of 
nickel case-hardening steels. 

While it is imperative that plain carbon steels should receive two heats to 
refine and harden them, only one heat is necessary in the case of some of the 
alloy steels, e.g, nickel or nickel chrome. Nickel steel, particularly, is one which 
can be refined and hardened both with a single heating and quenching. This 
is mainly due to the fact that the nickel retards the grain growth, and thus 
the prolonged heating during carburisation has a much less effect upon 
the structure than in the case of a plain carbon steel. Hence the necessity for 



Fig. 146. — Micrograph of Plain Carbon Steel (Fig. 144), after being " Refined,” showing 
how the Grain Structure has been Reduced in Size. View of “ case.” Magnifi- 
cation 1 50 diameters ; etched with picric acid. 

a refining heat does not exist, except in those cases where the maximum 
properties of the steel are required. Chromium, having an opposite effect to 
nickel, tends to neutralise this feature of nickel steel and, because of this, nickel 
chrome steels require, more often than not, a double heat treatment, although 
a single heat will give fairly good results in many cases. This question is 
dealt with more fully in Chapter XIII, to which reference should be made. 

High Carbon Case. — In the preceding paragraphs it has been taken 
for granted that the carbon content of the case has not exceeded 0*9 to 1*0 
per cent., and that in consequence there is little or no free cementite present. 
When, however, the steel has been carburised in a rapid compound or at a 
high temperature (950° to 1,050° C.), the carbon content will often exceed 
0*9 per cent., and may reach, in some instances, as high a figure as 1*5 per cent. 
Since the saturation figure is 0*9 per cent, approximately, the excess of 
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carbon, during cooling, is thrown out of solution in the form of free cementite, 
which will be found in the cold steel as a fine network, the free cementite 
forming the boundaries of the crystal grains. It also appears in the form of 
spines or needles projecting into the crystal grains. Such a structure is shown 
by Fig. 147. 

This constituent (free cementite) is extremely hard and also excessively 
brittle, and it is most essential that it should be diffused weU. into the steel, 
otherwise it will tend to produce a brittle case which may crack or flake off. 
The fine films or network, and the spines, form lines of weakness which cannot 
be ignored if rehable work is required. 

Now at the high temj)erature of carburising this excess of cementite is in 
solution (in the austenite), and it is only thrown out during the slow' coohng 



Fig. 147. — Micrograph showing Free Cementite in “ Case ” (network surrounding grains, 
also needles in centre of grains). Magnification 150 diameters ; etched with picric 
acid. 

subsequent to carburising ; this slow cooling actually assisting it to form into 
the netw^ork, etc., already mentioned. 

If the steel is quenched directly from the box while still at the carburising 
temperature, the free cementite will be retained in solution, and the danger of 
cracking and peeling of the case to a great extent will disappear. This 
operation, however, of quenching from the box is difficult, as it must be 
carried out at the full carburising temperature (^.c. while the free cementite 
is in solution), otherwise it done at a temperature below the Acm point its 
object will be defeated. 

If this procedure is adopted the work is hard and brittle and will 
have to be carefully handled. In the quenching operation, however, the 
following precaution should be taken : on account of the tendency of the high 
carbon case to crack w^hen quenched from a high temperature, it is advisable 
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to remove the steel from the water when its red colour is seen to disappear. 
This occurs just under the lowest critical range, and it is evident that it will aifect 
in no way the refining of the core, while with the “ case ” the importance 
of hardness is not great at this stage and any softening effect can be neglected. 

If the work has to undergo further machining operations previous to final 
hardening, it will be necessary to anneal it at a temperature of about 600° to 
650° C. (i.e. simply heating it to this temperature, soaking a suitable period, 
and then allowing it to cool on the floor or some sheltered spot). It will then 
be machinable, but very weak and delicate so far as bending or straightening 
is concerned. 

The subsequent treatments, to refine the core and to refine and harden the 
case, will be the same as for ordinary carbmised work (containing less than 
I’O per cent, carbon in the case). 

The result of such treatment is to produce what may be regarded as the 
best wearing case. The free cementite, instead of appearing as a network or 
in the form of needles, will now exist mainly in the form of small specks or 
spheroids which are supported in a mass of martensite. The cementite is 
extremely hard while the martensite is softer and tougher, and the result of 
wearing is that the martensite wears away first leaving innumerable rounded 
points of the hard cenientite to act as the bearing surface, these pointo, of 
course, being embedded in the mass of tough martensite. This forms the ideal 
wearing surface. 

The lubrication is effected in the spaces between the two levels correspond- 
ing to the surface of the cementite points and the lower surface of the 
martensite. 

High Carbon Case, Alternative Method.— The treatment just 
described necessitates the removal of the parts from the box and their im- 
mediate quenching, an operation which is difficult in practice. As an alter- 
native to this, the following treatment can be adopted, although it does not 
give quite the same result. 

The parts may be allowed to cool in the box and then may be treated to 
secure the complete solution of the free cementite, which is probably in its 
worst form, due to the slow coohng. To do this, it is necessary to heat the 
steel to a temperature above the Acm range of the case and then to quench it. 

The following is a table of Acm temperatures corresponding to different 
carbon contents : — 


Carbon in case. 

Acm temperature, deg. C. 

0*9 per cent. 

740° 

1*0 „ 

790° 

1*1 „ 

830° 

1*2 „ 

880° 

1-3 „ 

920° 

1-4 „ 

970° 


From the above table it is evident that if the case contains a zone of carbon 
exceeding 1*2 per cent., it will be necessary to heat it to a temperature of at 
least 880° C. in order to cause the free cementite to go into solution. This 
temperature is practically identical with that required to refine the core 
(900° C.) and presumably the heating for this purpose will at the same tune 
destroy the network of free cementite in the case. This, however, is a moot 
point on account of the sluggishness with which the free cementite enters into 
solution and diffuses in the austenite. 


Q 
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Clearly, if the cementite network is not destroyed at this high temperature, 
it win not disappear at the lower, or refining, temperature for the case, and in 
consequence the case will be weak and brittle. 

Probably the first heat, IXIC" C., will cause some of the cementite to diffuse 
in the solution and only traces of a network will be found in the final 
product. 

When the carbon in the case exceeds 1*2 per cent, it wiU be seen that the 
Acm temperature exceeds the upper critical range of the core considerably, 
and therefore the usual refining heat for the core will be useless so far as 
the free cementite is concerned. To get rid of the cementite it is necessary 
to raise tilie refining temperature to above the Acm temperature corresponding 
to the carbon content of the case. This it will be seen may be as high as 
970° C. for a case not exceeding 1*4 per cent, carbon content. 

The effect of such high temperatures on the core is not very serious although, 
of coui’se, the result will not be the most satisfactory that can be obtained. It 
will be realised, that in such an instance, the effect will be least when the core 
contains a low percentage of carbon, for then its upper critical range will be 
highest, and the tendency to develop a coarse-grained structure will be least. 

Once the free cementite is fixed in solution, the refining of the case is 
simple, being the same as the ordinary refining treatment to secure as 
small a grain structure as possible. The temperature of 770° C. secures 
this. 

Owing, however, to the slowness with which cementite dissolves and 
diffuses a considerable time may be required to complete this operation, or 
it may be necessary to raise the temperature in order to accelerate diffusion. 
These operations are difficult and also are inadvisable because : (1) prolonged 
heating at a high temperature would diffuse the carbon over the different 
layers thus coimteractmg the object of securing a high carbon “ case,’’ and 
(2) any further increase in the temperature simply tends to reduce the qualities 
required in the core. 

Simpler Treatments. — ^When the steel has been carburised at a tempera- 
ture only a httle above the upper critical range of the core, the size of the 
crystal grams wiU not be very large, and hence in the subsequent treatment it 
will not be so necessary to refine the core. The case only will require refining 
and this is easily effected, as already explained, by simply heating to a pomt a 
little above the Al-2-3 temperature and quencWg. This quenching tempera- 
ture in practice is about 760° to 770° C. The core, which was previously soft, 
will now be tougher, this treatment converting the structure partly into a 
martensitic one. Thus the single treatment not only refines and hardens the 
case, but it also toughens the core. 

This simple treatment, although in the main satisfactory, does not give 
the best work and should be regarded only as a good second besti It depends 
on careful carburising, both as to temperature control and quality of carburising 
compound. 

Other methods of treating or refining carburised steel are as follows : — 

(1) Work in which a hard surface only is required and where brittle- 
ness and enfoliation are not of serious importance. 

Quench directly from box (without slow cooling) at a temperature 
not less than 760° C. By varying the temperature a wide range 
of results may be obtained. 
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(2) Work in which the state of the core is more important than the 

hardness of the case, which may be only comparatively hard. 

(a) Cool slowly in box. 

(&) Quench from 930® to 860® C. (according to the carbon content of 
the original steel). 

Liquid Carburising Compounds.— The most common of these are the 
cyanides/’ such as potassium cyanide and sodium cyanide, but mixtures, 
containing potassium carbonate and sodium carbonate together with one of the 
above cyanide salts, are sometimes used. 

These compounds are melted in iron vessels, generally known as “ cyanide 
pot-furnaces,” and the molten salt is maintained at a temperature of 
about 800° C., or a little over the upper critical range of the steel. The steel 
parts are immersed until thoroughly heated and are then quenched in cold 
water. 

This method of case-hardening produces an extremely hard wearing surface, 
but, owing to the thinness of the case, the parts will not withstand much shock 
or carry a heavy concentrated load. The case is usually only a few thousandths 
of an inch thick and is therefore only superficial. If the parts are kept in the 
molten cyanide ” for 20 to 30 minutes after heating through, the thickness 
of the case will be about 0*010 to 0*015 inch, but this will depend on the 
“ strength ” of the cyanide bath. 

Unfortunately, the cyanide salts decompose very rapidly in the molten state 
and form carbonates which are not effective. Thus a cyanide bath requires 
constant additions of fresh cyanide to maintain it in working order. As an 
example of daily practice, using a sodium cyanide bath, the authors found after 
a period of hours, working (5 hours at 800° C.) the loss of sodium cyanide 
amounted to 81 per cent. This loss occurs whether the bath is used for 
case-hardening or not. The loss in cyanide can be reduced by mixing a 
proportion of sodium carbonate and sodium chloride with the sodium cyanide. 
A ipaixture containing the above salts in the proportions 49 per cent, sodium 
carbonate, 35 per cent, sodium chloride, and 16 per cent, sodium cyanide 
produced a satisfactory “ case ” and the loss was such that the amount of sodium 
cyanide to be added during each day to keep the bath in order, only amounted 
to 15 per cent, of the total mixture. About 15 per cent, sodium carbonate and 
10 per cent, sodium chloride where required also, to keep the mixture up to its 
correct level in the bath. 

The fumes given off are extremely dangerous to health owing to the highly 
poisonous character of all cyanides, and it is most essential that some form of 
hood should be provided over the molten bath to carry these fumes away. 
Should any of the salts enter a cut or sore the effect is quite as deadly as 
when taken internally. 

As an alternative to immersing the parts in the molten salt it is sometimes 
more convenient to sprinkle finely powdered potassium cyanide (or potassium 
ferro-cyanide) on to the part and to heat this to a temperature of 800° to 
850° C. after the salt melts, and to quench direct in water. This method is not 
so satisfactory as the immersion method on account of unequal heating, oxida- 
tion and distortion. On the other hand, for local hardening it is veiy suitable. 

In general, cyanide case-hardening is suitable for parts such as small bevel, 
and gear, wheels required for transmitting light loads, pawls and rachet wheels, 
snap gauges, small thread gauges, worms, small cams, and light spindles. 
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It should % remembered that the hardness is only skin deep and that any 
attempt to increase the depth by prolonged heating is extremely risky owing 
to the highly cementitic character of the carbon-rich zone and consequently the 
ease with which it flakes off. 

Depth of Hardening 

The depth to which hardening takes place when a piece of steel is cooled is a 
factor that becomes important when heat treating large forgings and other 
sections. Nearly all the results quoted in this book have been obtained from 
test bars inches diameter or thereabouts. When the thickness of the part 
to be heat treated departs to any great extent from one inch, the average tensile 
strength after treatment wiU also vary considerably from that obtained with a 
standard bar. As an example showing the effects produced by quenching bars 
of different sizes (but not varying greatly from the standard bar, IJ inch 
diameter), the following results are of interest. The steel used was a nickel 
case-hardening steel containing 0T4 per cent, carbon, 3 42 per cent, nickel, and 
0*57 per cent, manganese. Four bars of different diameters were prepared and 
all were heated to 760° C. and thoroughly soaked, after which they were 
quenched in cold water. All the bars after quenching were machined to the 
standard size of tensile test piece (0*564 inch diameter) and tested, the results 
obtained being those given in the following table. The variation due to 
varying mass is very considerable and as the test pieces were machined from 
the middle of the bars it is clear that the degree of hardening in the centres 
of the bars depends very much on their thickness. 


Effect of Mass on Heat Treatment Results. 


Diameter of 
Bar. 

Yield. 

I Ultimate 

strength. 

Elongation. 

Reduction of 
area. 

Impact (Izod). 

Inches. 

Tons per sq. in. 

Tons per sq. in. 

Per cent. 

Per cent. 

Ft.-lhs. 

1-75 

37-4 

47-8 

21-2 

1 38-4 

49 

1-25 

45‘8 

54-9 

18-4 

42-6 

42 

100 

63-9 

59*3 

16-1 

41-2 

38 

0*56 

67-8 

; 80-9 

13-2 

j 42-9 

! 

28 


Now the hardness of steel depends on the retention of a partly austenitic 
or martensitic structure, and this is obtained only by cooling the steel at a rate 
which is in excess of the rate at which the transformation takes place. In 
carbon steels the transformation is very rapid and therefore the cooling must be 
rapid {e.g. quenching in water) in order to retain the steel in the same condition 
as before (or during) the transformation phase. With alloy steels the addition 
of nickel, chromium, vanadium, and manganese retards the transformation, 
and for this reason the cooling of these steels to obtain hardness need not be 
so rapid as is necessary with carbon* steels. The addition of 7 per cent, of 
chromium to a steel retards the transformation to such an extent that cooling 
in air is sufficiently rapid to secure hardness. A steel containing about 4*0 
per cent, of nickel and 1*26 per cent, of chromium also passes through the 
transformation phase so slowly that cooling in air will arrest it in the pre-trans- 
formation condition and it be hard. Such a condition is, of cour^, the 
basis of the so-called air-hardening steels. 
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When a piece of steel is cooled the portion that loses its heat most i apidly 
is the surface ; the centre portion being the last to cool. Thus in the case of 
a comparatively large piece the rate of coohng at the surface may be sufficient 
to retain the outer portions of the steel in the hardened condition while the 
centre portion, owing to the slower rate of cooling, may pass through the 
transformation range and thus be comparatively soft. In such a case the outer 
layers will be hard, and the successive inner layers will be found less hard, 
becoming softer as the centre is approached. 

With an air-hardening steel aU portions from the surface to the centre will 
harden (unless the piece is extremely large) because the rate of cooling of all 
portions is sufficient to prevent transformation, but with a x^lain carbon steel 
the rate of transformation may be much more rapid than the cooling in the 
centre portions and these portions in consequence not be so hard. 

It is evident, therefore, that the alloy steels will harden to a greater depth 
than the plain carbon steels, taking pieces of equal dimensions and cooling them 
at the same rate. This feature of the aUoy steels is an important one since it 
tends to produce a more uniform degree of hardness throughout the section of 
a large forging than can be obtained with plain carbon steels. Furthermore, 
when dealing with parts of different thicknesses there is less variation in the 
hardness between one and another if they are made from an alloy steel than 
would be the case if they were made from carbon steel. 

This quality in alloy steels, however, is dependent on the percentage of the 
alloying element and the degree of its influence on retarding the transformation. 
A low nickel (under 2*0 per cent.) is only a little better than a plain carbon steel 
of the same carbon content, but the addition of 1*0 per cent, of chromium will 
make it possible to obtain a uniform degree of hardness throughout a 2-mch 
diameter bar when quenched in oil, whereas the variation hi hardness in a 
similar bar of plain carbon steel will exceed 30 per cent, of the hardness of the 
centre portion. 

The cooling media, of course, have an important influence on the depth of 
hardness since they control the average rate of cooling of the piece. Thus water 
quenching hardens the, steel to a greater depth than oil quenchmg, which again 
is better than cooling in air. This, however, only applies to those steels that 
should be hardened by quenchmg in water or oil. Steels that harden in air do 
not harden as, a rule, to any greater extent when quenched in water or oil. 


Distortion Due to Heat Treatment 

The distortion that takes place so often during hardening, or in other forms 
of heat treatment, is in some instances a very serious factor, especially where 
accuracy is of paramount importance. Unfortunately, the changes in dimen- 
sions or shape that occur appear to be erratic and perplexing, not following 
any governing laws. 

There are, however, a few facts of an elementary character, and these can 
be laid down almost as fundamental laws relating to the distortion that 
takes place during hardening, etc. To obtain a clear realisation of the possible 
effects of heat treatment, it should be understood at once that three changes 
of a distinctly different nature are liable to take place. 

The first chtoge is the ordinary thermal expansion common to most 
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materials. The steel, when heated, increases in volume, and when cooled 
returns to its original dimensions. This change, therefore, is reversible, or 
can, for practical, purposes be considered so, a fact which renders it of little 
importance provided the heating and cooling are carried out slowly. Rapid 
heating, of course, may introduce lack of uniformity in temperature, and conse- 
quently, may cause unequal expansion which may have disastrous results. The 
same applies to cooling, when quenching. This, however, will be considered 
independently of the chantes that are being dealt with here, and ^vill be referred 
to later. For the momenu ordinary thermal expansion can be taken as of no 
account. 

The second change that occurs is intimately connected with the internal 
changes that take place when the steel passes through the critical range. The 
transformations of the constituents involve definite changes in volume. For 
example, during the cooling, the steel actually expands at the moment it passes 
through the critical range, with the result that if the cooling is sufficiently 
rapid to retain the structure m the martensitic condition {i.e. hardened) the 
volume of the steel will be greater than in the original softened state. On the 
other hand, it may be assumed that if the cooling is slow enough, this volume 
change will be passed through, and the steel will possess the volume it should 
have when in the softened conffition. 

The remaining change to be considered is of a totally different character. 
It is the tendency of steel to adopt a spheroidal form, i.e. a cube will tend to 
form a sphere. This tendency probably apphes to all materials when heated 
and cooled. It is, in fact, of considerable magnitude, and takes place whether 
the steel is hardened or not. Further, the fact that it is not reversible, and 
continues with each successive heating, makes it a change of some importance. 
In practice, it means that the parts lose their flatness ; the centre tending 
to bulge outwards, producing a convex surface. It also means that the more 
heatings the steel has, the greater will be the deformation due to this cause. 
This important molecular movement has an important bearing on the heat 
treatment of highly accurate work as will be seen later. 

Neglecting the first mentioned change the above statements may be sum- 
marised as follows, and thus form fimdamental laws concerning the distortion 
of steel during heat treatment. 

(1) Steel when hardened increases in volume, or conversely, if no 

change in volume takes place, the steel is not in the hardened 
state. 

(2) Steel during the process of heating and cooling tends to adopt a 

spheroidal form, and this continues each time it is heated, the change 
being almost independent of the rate of cooling. 

There is need for much research which would, no doubt, render necessary 
some modification of the above summarised statements. As they stand, how- 
ever, they form a useful basis on which to construct the remaining factors 
concerning distortion. 

A third law might be drawn up as follows : — 

(3) The volume change during hardening increases with increasing carbon 

content. 

This naturally follows from the remarks already made concerning the first 
law. The change in volume is due to the change in the constituents, and it is 
the carbon-bearing constituents that appear to have the greatest effect. Thus 
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the amount of carbon in the steel controls to a very great extent the amount 
of expansion during hardening. 

WTien hardened steel is tempered or toughened by reheating, the volume 
is reduced, but the relation between the two (volume and hardness) is not 
definite, because in many cases the reheating, if carried out to a temperature 
which produces softness almost equivalent to annealing, will cause the volume 
of the piece to be actually less than that of the original unhardened piece. 
This, however, may be due to the greater refinement of the steel, and the 
size of the crystal grains. 

To reduce the amount of volume change during the hardening of a steel 
part, there is one very clear way, and that is to reduce the proportion of steel 
hardened, keeping as much as possible in the unhardened condition. In practice 
this can be carried out in several ways, of which the following are the more 
common : — 

(1) Case-hardening low carbon steel. 

(2) Oil-hardening or air-hardening. 

(3) Use of two quenching media (water and oil). 

The use of a low carbon case-hardening steel means that the proportion of 
hardening constituent is small, and that therefore the volume change is small. 
The case, although high in carbon, may be so smaD in volume compared with the 
mass of the piece that its volume change during hardening will not seriously 
influence the size of the piece. By this means a hardened part can be obtained 
with a minimum of volume change. 

To. harden by quenching in oil, a suitable steel must be selected, such as one 
of the alloy steels. The action of the oil, although it cools the surface of the 
part with sufficient rapidity to ensure hardness, is to allow the interior to cool 
more slowly, and thus to pass through the volume change without actually being 
retained in the expanded condition. With air hardening the process is the same. 

The use of two quenching media is not a commercial one, but for tool 
work it is often essential. The result is the same as with the above methods. 
The part is quenched, first in water for a few seconds, and then immediately 
transferred to an oil bosh, where it is finally cooled. This is very successful 
with high carbon steels, the initial water quenching just giving the requisite 
depth of hardness while the oil allows the interior to cool slowly enough to 
enable it to pass through the critical range without fixing in that state. The 
time of immersion in the water is obviously an important factor. 

Linear Expansion. — So far only the change in volume has been con- 
sidered, questions of length or diameter have not been taken into account, and 
these are of great importance in practice. 

It is evident, if a piece of steel tends to adopt a spheroidal shape, that both 
expansion and contraction may take place, some portions expanding while 
others actually contract. If no contraction takes place the expansion 
in any case will not be equal in all directions. Thus although the part may 
expand in volume it does not follow that the length or breadth or any other 
particular dimension must necessarily expand. Contraction even may take 
place in some directions and expansion in others. 

In practice, however, the greatest factor is the manner in which the cooling 
or quenching is conducted. The dimensions of a part are often seriously 
altered by the direction in which it is immersed in the quenching fluid, and 
by changing the direction the difficulty is overcome. Ttds important factor 
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in controlling distortion will be found to obey the following general law which 
might be regarded as a supplement to the first law : — 

(4) The expansion produced by hardening is generally greatest in the 
direction in which cooling has been effected. 

To make this clear, consider the hardening of two pieces of steel cut from the 
same bar, one piece being short (say about the same length as its diameter) 
and the other piece being longer (say fifty times its diameter). The result of 
hardening is that the short piece increases, while the long piece does 
not alter, in length. The volume of both will have increased, but in the case 
of the short piece the end faces form such a large proportion of the cooling 
surface that expansion takes place in those directions. With the long piece 
of bar the end faces are so small in comparison with the peripheral surface 
that the cooling there is practically negligible, and in consequence expansion 
takes place in the diameter (to such an extent that very often the length 
contracts). 

The importance of this new condition will be realised when the quenching 
of a ring is considered. When the dimensions are such that normal quenching 
does not cause any appreciable change in the internal diameter, it will be found 
that if the ring is quenched by means of a spray acting on the inside surface 

only, the internal diameter will be 

reduced, i,e. the expansion proceeds 
towards the centre, which is the 
direction of cooling. This method of 
I \ quenching has been applied success- 

I \ fully to save parts which have been 

machined too large in the hole. 

w S The same effect takes place in the 

A L_J quenching of such parts as gear wheels 

I when these are immersed flatways in 

the quenching medium. The surface 
that strikes the liquid first is usually 
greater in diameter than the opposite 
Fig. 148. — ^Diagram showing Effect of surface, the result being a tapered gear 
Quenching Discs such as Gear Wheels, '^heel ; the teeth only engaging over 

Flatways and Edgew^s lat^ ^ smaJl proportion of their width. This 

IS best because the former causes one . _ ^ ^ . 

side to expand more than the other. IS shown m Fig. 148. To overcome this 

the wheel should be quenched edge- 
ways, thus allowing both sides to cool simultaneously. The concentricity does 
not appear to be affected. 

The distortion difi&culty increases as the section of the parts becomes 
thinner. Parts which are large in relation to their thickness suffer more from 
distortion than heavy thick parts, hence it is often advisable to make such parts 
as thick in section as is commercially practicable and then, after the final 
hardening operation, to machine the excess metal off. This proceeding, of 
course, is oily applicable to case-hardened parts where the case has been 
machined off the selected' portions before hardening. 

Hardening machines such as the “ Gleason ” gear hardener are now used 
for preventing distortion. The part to be hardened is placed while hot in a 
jig which is immediately immersed in the quenching medium. Usually the 
jig is arranged so that the shape of the part is maintained under a high pressure, 
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and buckling and other distortions are prevented. The jig is perforated in 
all directions to facilitate the quenching action. 

Some very simple expedients, however, can be resorted to in order to reduce 
distortion and it is always advisable to carry out a few experiments to overcome 
the difficulty. For example, the crown wheel belonging to the differential 



Fig. 149. — Diagram showing Method of Supporting Differential Gears during Quenching 

to reduce Distortion. 

gear of a motor car is usually a thin-sectioned disc with the vital portion {i.e, 
the gear teeth) situated on one side, near to the edge, where any slight buckling 
will cause a change in the angle of most of the teeth, a condition which will 
have a marked effect on the silent running of the gear. 

To reduce the buckling of this wheel during the hardening, a block of wood, 
turned to suit the contour of the back side of the wheel and faced with a piece 
of asbestos, was used to support it during the actual quenching. The 
hot wheel was simply laid on the block and immediately lowered into the oil 
bosh. 

Repeated heating and cooling accentuates the tendency to adopt a spheroidal 
shape and flat surfaces soon become convex. Thus it will be found that while 



C ylinder. 


/fin gr , 


Fig. 150. — Diagram showing Tendency of Steel to adopt a Spheroidal 

repeated Heating and Cooling. 


Shape during 


the diameter of a disc will increa^ at the centre of its periphery the diameter 
at the edges wiU often decrease. The effect is shown in Kg. 160, which also 
shows the behaviour of a ring under the same treatment. 

The fewer heatings a part receive the less will be the distortion due to this 
molecular effect. 
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How to reduce Distortion. — ^The foregoing paragraphs are mainly of a general 
character, and it is now necessary to consider the steps that should be taken 
to reduce distortion. These may be summarised as follows : — 

(1) Selection of quenching medium. 

(2) Selection of steel. 

(3) Adoption of certain practical expedients. 

The quenching medium is placed first for without doubt the differences 
obtained between one medium and another are very great. Water is most 
drastic, and causes more distortion than any other medium, while oil is much 
‘‘ softer ” in its action, and air is even better as a cooling medium. To obtain 
a rough impression of the relative action of these three cooling media the 
following apjg’oximate ratios are given. 

Air l-5j 

Oil . . . . . . 2 >Approximate ratio of distorting action. 

Water 10 ) 

So great is the difference that in many cases the quenching medium should 
be chosen first and next the steel that will harden in it. 

In the selection of steel the first consideration is the carbon content, for as 
has been stated the amount of distortion is approximately proportional to 
the amount of carbon present. Thus a mild or low carbon steel will give less 
trouble than a high carbon or tool steel. For this reason it is often advisable 
to employ case-hardening steel, ^|nd thus secure the maximum of hardness (for 
wearing) with the minimum of disfertion. In the hardening of gear wheels which 
have been carburised, it will be found that the teeth expand to a greater 
extent than the body of the wheel, due of course partly to the larger amount 
of high carbon steel present, and also to the more rapid cooling that is bound 
to take place. 

Plain carbon steel, except in thin sections, cannot be hardened in any other 
medium than water, hence owing to the drastic action of the latter, distortion 
troubles are usually associated wdth this class of steel. 

Nickel when added to steel does not exert much influence one way or another, 
so far as distortion is concerned, probably because it goes into solution in the 
iron, and remains there at all temperatures. It confers on steel, however, 
important oil-hardening properties, and thus, while securing the requisite 
hardness in this way, it also secures the reduced distortion due to the use of oil 
instead of water for quenching. 

Chromium has a decided effect on the expansion and contraction, and 
must be regarded as an enemy agent where work of great accuracy is 
required. Although it imparts air-hardening properties to alloy steels, it nullifies 
to some extent the advantages gained by using air as a quenching medium. 

For ordinary commercial purposes a nickel case-hardening steel of about 
3 per cent, nickel and 0‘15 per cent, carbon, quenched in oil to harden the case, 
w2l give the minimum of distortion. The ordinary air-hardening and oil- 
hardening alloy steels come next, followed by the plain carbon steels, which 
are the worst. 

The adoption of various practical expedients has already been discussed. 
These cover the various methods for immersing the parts in the quenching 
medium, the use of machines, or in making suitable jigs or holders for supporting 
the parts at the moment of quenching. 
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Heat Treatment of Iron and Steel Castings 

The usual form of heat treatment for iron and steel castings is annealing, 
but in the case of steel castings it is quite sound practice to treat them as though 
they were steel forgings, bearing in mind, of course, the coarse structure common 
to such castings. 

The annealing operation relieves the internal stresses due to shrinkage and 
contraction of the metal during comparatively rapid cooling. It also tends to 
stabOise the crystalline structure and to diffuse the constituents more uni- 
formly, thus improving the mechanical properties of the material, especially 
its resistance to shock. Another object of annealing is to improve the machine- 
ability of the castings, thus saving time and tools. 

Grey Cast-iron. — ^There are two distinct annealing treatments for grey 
cast-iron, the first being simply one to relieve the internal stresses in the 
casting before machining finally to shape, and the second to increase the 
machining qualities to a maximum. 

The first form of annealing is applied to castings that have been rough 
machined and consists of heating the castings to a temperature of 350° to 
400° C. (which turns the machined surface to a blue-grey colour). After soaking 
for about an hour the stresses set up by machining are removed and to some 
extent the casting stresses are relieved. Castings treated in this manner can 
be machined (usually by grinding) to the final dimensions and will then remain 
true to size for some considerable time. One of the most common applications 
of this treatment is in connection with cylinder castings for internal combustion 
engines, such as car and aero engmes. 

The second form of annealing is applied only when it is desired to obtain 
extreme softness for rapid machining. The hardness, and to a gieat extent 
the machineability, of cast-iron depends on the percentage of combined carbon 
in the metal. The more carbon that exists in the combined state the harder 
will be the metal, and consequently the object of annealing is to bring about 
the dissociation of the combined carbon. This can be done by heating the 
castings to a temperature of about 750° to 800° C., when the carbon is released 
in the form of graphite. A casting containing 0*5 per cent, of combined 
carbon wdll, after suitable annealing, contain only 0*05 to 0*10 per cent. 

This treatment is quite common in the textile industry, where it is usual 
to pack small grey iron castings after fettling in pots, using iron borings or sand 
to support them. These pots are heated gradually to a temperature of about 
800° C. and after soaking a few hours are cooled slowly. The result of this 
annealing is to obtain a degree of machineability almost similar to that of brass. 

Since the tensile strength of the metal depends on the amoimt of combined 
carbon it contains it is evident that cast-iron treated in this manner must be 
much weaker than in the normal cast state. In the first (or low temperature) 
treatment there is no risk of any serious reduction in tensile strength. 

Steel Castings. — ^Wherever possible steel castings should be annealed, and 
in England most foundries of any repute anneal their castings before despatching 
them to the customer. 

The annealing operation is particularly important with steel castings because 
of the high pouring temperatures, the use of chills and the severe internal stresses 
that are set up during cooling. The crystalline structure of these castings is 
usually extremely coarse and a refining process is consequently most essential. 
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Steel castings are amenable to heat treatment in much the same manner as 
steel forgings, but, owing to their coarse structure and lack of diffusion of the 
ferrite and carbon areas, it is necessary to resort to prolonged annealing or to 
high temperatures followed by rapid cooling. 

The best form of treatment is to normalise the castings by heating them to a 
temperature of about 1,000° C., soaking them long enough to obliterate com- 
pletely the original structure (and to secure diffusion), and to cool them in air. 
The castings should then be annealed at a temperature about 30° to 50° C. 
higher than the upper critical range and cooled slowly (large castings may be 
cooled in the air and so may castings containing a low percentage of carbon, 
say, less than 0*2 per cent.). The annealing temperatures for this treatment 
are as follows : — 

Carbon* Annealing temperature. 

0*2 per cent. 850° C. 

0-3 „ 820° C. 

0-4 „ 800° C. 

0-5 „ 790° C. 

A simpler treatment is plain annealing at temperatures about 50° C. higher 
than the above figures. Time should be allowed for the breaking up of the 
ferrite areas and for diffusion. The cooling of the higher carbon steels (above 
0*25 per cent.) should be slow to prevent any tendency to harden, but with the 
low carbon steels it is advantageous to cool the castings in air because this 
produces a finer grain structure. It is also quite safe to cool all large castings 
in air. 

Treatments involving quenching in oil, and reheating for toughening, can 
be applied to castings that have been normalised as described above. These 
treatments are similar to those applied to ordinary plain carbon steel of the 
same carbon content. It is necessary, however, to remember that extreme 
variations in the section of the casting call for careful treatment and all except 
the low carbon castings should be quenched in.oil in preference to water. 


Heat Treatment of Non-Ferrous Metals and Alloys 

Except in those cases where the non-ferrous metals and their alloys are being 
rolled or drawn into sheet, bar, tubing or wdre, it is not usual to heat treat them, 
and even then the treatment is mainly that of annealing or softening. Of 
course, when cold pressings are made, involving much work and displacement 
of the metal, annealing has to be resorted to in order to reduce the hardness 
and grain distortion. In all such processes the metal is annealed at intervals 
between the different stages of the reduction, but as this is part of the manu- 
facturer’s programme it is only of general interest to the engineer. However, the 
engineer is often faced with some difficulty in the working of such materials, 
particularly in press work, or in complicated sheet metal work involving much 
mechanical work such as hammering, and therefore the process of annealing 
the principal metals and alloys is dealt with in these pages. 

Annealing is mainly a means for assisting the working of metals and alloys, 
or is carried out to r^uce brittleness in the finished part. Heat treatments, 
however, can be devised for increasing the tensile strength, ductility, and resis- 
tance to shock, much in the same way as those employed for steel ; many 
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of the alloys are capable of being improved by heat treatment, and this fact 
should not be lost sight of by the engineer. 

The principal metals and their ahoys are dealt with here from the point of 
view of their heat treatment results. 

Copper. — ^This metal when in the hardened condition due to working 
(rolling, drawing, and pressing, etc.) can be annealed at a temperature as low 
as 200° C., but owing to the length of time required to secure complete annealing 
at this temperature it is usual to employ higher temperatures. Thus, hard- 
drawn copper wire required for electric cables is annealed at temperatures 
between 400° C. and 600° C., the finer wires being annealed at the lower 
temperatures. 

Higher temperatures still are sometimes used, as in the manufacture of 
tubing, but it is not usual to exceed 650° C., and 700° C. is about the maximum. 

Prolonged annealing of tiie cold-worked metal produces grain growth which 
lessens the ductility of the metal. 

Brass. — ^The anneahng of brass is an important and delicate operation 
depending on the composition of the alloy, its impurities and the amount of 
cold work put into it. Both temperatime and time have to be considered 
carefully because they are interrelated. For these reasons it is not possible 
to specify any definite temperature or temperatures for this operation. 

In general, however, the annealing temperature for any particular alloy 
(of brass) wiU come within the range of 550° to 760° C. and is likely to be about 
650° C. The annealing action commences at about 300° C. but does not become 
appreciable until 400°'C. is reached. The full effect is obtained at about 600° C. 
There is a danger of ‘‘ burning ” the metal at 800° C. 

The effect of prolonging the annealing operation is to cause crystal gram 
growth, which is very rapid and which creates weakness in the material. Thus, 
the time for soaking the alloy at the correct temperature must not exceed that 
which is found necessary to restore the grain structure from its distorted condi- 
tion to the normal size and state. 

Aluminium. — ^It is necessary at times to anneal cold-worked aluminium, 
particularly in the case of press work, stamping or spinning, where cold rolled 
aluminium sheet is the material employed. When pressings requiring a ‘‘ deep 
draw ” are made ordinary cold rolled sheet wfil rupture often, and it is essential 
that the sheet should be annealed. 

Now the recrystaUisation of the elongated gram-structure (due to rolling) 
in aluminium is an extremely slow process unless, perhaps, it is carried out at 
high temperatures. RecrystaUisation in the case of copper or brass is usuaUy 
very rapid, and these two materials therefore are very different to aluminium 
in this respect. With aluminium, however, it appears that mechanical softening 
is not dependent to any considerable extent on the recrystaUisation phenomenon 
and, for commercial purposes, it is not necessary to prolong the annealing 
treatment which is so essential if recrystaUisation is to be completed. For 
practical purposes a dead soft ” condition simply is required, and complete 
equilibrium of the crystal grams is not essential. Thus, whatever time may be 
required to secure the latter condition, it is only necessary to prolong the treat- 
ment sufficiently to secure the desired degree of mechanical softness. 

The hardness of the cold-roUed sheet, as measured by the Shore scleroscope 
(using the magnifier hammer), varies from 11 to 15, but, by annealing, this can 
be reduced to about 4 or 5. The annealing action is most rapid at first and then 
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become^^fes^er and slower. It is also more rapid at the higher temperatures* 
Thus, ii^®me tests of R. J. Anderson,* a 12-gauge cold-rolled sheet had a 
Shore hardness number of 15 as rolled, but after annealing for 30 minutes at 
300° C. the hardness was 7*1, and after 60 minutes at the same temperature the 
hardness was 4*9. Also, in annealing the same metal at 400° C. for 5 minutes 
the hardness number was 10*6, and after 10 minutes the hardness number was 4*9. 

The quality of aluminium sheet from a deep pressing standpoint can be 
determined by means of the Erichsen testing machine, which by the movement 
of a ram produces an indentation in the form of a cup. The depth of the 
depression is measured (in millimetres) at the moment rupture takes place. 
The Erichsen value, of course, varies according to the thickness of the sheet. 
This form of test, therefore, is valuable as a measure of the annealing action. 

The usual annealing temperature for aluminium is about 400° C. and the 
time allowed may vary from half an hour to many hours. For cold-roUed 
sheet, however, it is possible to carry out the annealing in a few minutes. The 
effect of varying the temperature is shown by some results obtained by Anderson, 
who annealed a number of sheets of different gauges, giving each one 3 minutes’ 
heating. Some of these results are given in the following table : — 


Effect of Varying the Annealing Temperature on Cold -rolled Aluminium 

Sheet. 



400** C. 

— 1 

to 

p 
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1 

C. 
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1 
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Shore Erichsen 
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Erichsen 
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/ 
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/ 
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i 

50 1 

100 i 

4*9 

9-88 

22 

50 901 

5 0 8-44 : 

4-6 I 8-56 1 

4-9 

8-41 1 

4-6 

8-31 

„ 26 

4-8 7-90 

4*7 7-61 ; 

\ 

4-6 i 7-59 

4-4 

7-70 i 

1 

^ 4-4 

7-66 


The Shore hardness number of the cold-rolled sheets varied from 13 to 15, 
and the Erichsen values for the three sizes specified were : No. 18, 6*58 mm. ; 
No. 22, 5*92 mm. ; No. 26, 4*57 mm. 

Aluminium Alloys. — One of the most important of the aluminium alloys 
is duralumin. This alloy can be annealed satisfactorily at a temperature 
between 350° and 400° C. It is not advisable to heat beyond 420° C. The 
soaking tune should be 30 to 60 minutes, after which the alloy can be quenched 
in water, or else cooled in air, both treatments producing approximately the 
same results. 

Since this aUoy tends to harden in course of time, it is advisable to carry out 
any work, such as machining, etc., immediately after annealing. 

In the case of the copper-aluminium alloys an improvement in the tensile 
strength can be obtained by heat treatment. Thus, castings containing 3 to 4 
per cent, of copper when heated to about 500° C. and cooled in air are improved 
to the extent of about 3 tons per square inch. The tensile strength as cast is 
about 6 or 7 tons per square inch, and after treatment this is increased to 
9 or 10 tons per square inch. The ductility, also, of the alloy is increased 
considerably. 

* “ Annealing Cold-rolled Aluminium Sheet by Abbreviated Exposures at Various 
Temperatures,” R. J. Anderson, Inst. Metals, Sept. 11, 1918. 
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Bronzes. — ^The tin-copper alloys are amenable to heat treatment, but the 
extent of the improvement depends on the amount of tin contained, and also ^)n 
the impurities, or other elements present, in the metal. To understand the 
effects produced it is necessary to consider the constitution of the alloys. 
With alloys of less than 9 per cent, tin the metal on coohng forms a solid 
solution (containing not more than 9 per cent. tin). The portions that 
solidify first consist of almost pure copper Mobile the later portions become 
richer in tin. Thus the alloy when cold consists of areas of copper surrounded 
by areas of the solid solution (generally called the alpha constituent). There 
are no marked change points, and therefore there is no place at which the 
metal can be arrested with advantage. 

When, however, the alloy contains more than 9 per cent, of tin, another 
constituent appears during cooling. At about 800° C. the complete alloy 
becomes solid and consists of a mixture of two solid solutions, one the alpha 
constituent already mentioned and the other the beta constituent. At 500° C. 
the beta solution becomes unstable and breaks up into alpha solid solution 
and a compound known as the delta constituent. This compound is brittle 
and, of course, reduces the ductility of the alloy in proportion to the amount 
present or (in other words) in proportion to the amount of tin over and above 
9 per cent. 

On heating such an alloy to a temperature above 500° C. the delta consti- 
tuent is nearly all absorbed or dissolved in solution (beta solution), and if the 
metal is quenched in water this constituent to a great extent is prevented from 
separating out again and the resulting alloy then consists mainly of a solid 
solution. With the delta constituent absent the metal is much more ductile 
and at the same time is stronger. The following figures are based on the results 
obtained by GuOlet and are of considerable service : — 


Tin per cent. 

Best quenching temperature. 
Approximate. 

Tensile strength as cast, 
tons per sq, in. 

Tensile strength 

1 Quenched, 

' tons per sq. in. 

5 

500° C. i 

19 

24 

9 

650° C. i 

25 

26 

13 

700° a j 

1 24 

30 

16 

600° C. ! 

! 25 

43 

21 

1 

600° C, , 

1 20 

37 


Advantage may be taken of this important change in the constitution at 
temperatures above 500° C. for forging the metal, an operation that can 
be carried out only just below a red heat. 

If the alloys are heated to a temperature below 500° C. the separation of the 
delta constituent is more completely effected and the tensile strength is therefore 
reduced. This annealing, as it might be termed, has according to Guillet’s 
experiments the following effects : — 


Tin per cent. 

Tensile strength as cast, 
tons per sq. in. 

Tensile strength quenched 
at 450® C., 
tons per sq. in. 

5 

19 

24 

9 

26 

18 

13 

24 

21 

16 

26 

21 

21 

20 

17 



2#" MATERIALS & DESIGN 

Gunmetal* — ^The alloy considered here is the standard Admiralty metal, 
containing 88 per cent, copper, 10 per cent, tin, and 2 per cent. zinc. Except 
for the presence of zinc this alloy is similar to an ordinary bronze and it might 
be thought that the treatments specified for bronze would be suitable for gun- 
metal as well. This, however, is not the case, as is shown by the work of 
H. S. Primrose and J. S. 6. Primrose. 

The cooling of the alloy after casting is very similar to bronze (copper-tin) 
the first portions to solidify (or crystallise out) being the copper containing all 
the. zinc together with a small amount of tin, forming the alpha constituent 
(or solid solution). As the temperature falls the successive portions of the 
alpha constituent continue to crystallise, each being richer in tin until (at the 
. moment of complete solidification) the beta constituent fills the spaces between 
the alpha grains. At about 500° C. this beta constituent breaks up into alpha 
solid solution and the hard brittle delta constituent. Now between these two 
constituents microscopic crevices are formed, and these may be large enough to 
allow w^ater or oil to pass through, a condition which is fatal for many purposes 
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Fig. 151 . — Annealing Gunmetal Castings. At 700° 0., the ductility is improved con- 
siderably without any reduction in the tensile strength. Ordinates represent tons 
per sq. in. and also percentage elongation. 

such as pumps, steam fittings, etc. The tw^o constituents, being of very different 
compositions, have different coefficients of contraction and thus the formation 
of the crevices would appear to be inevitable. 

By rapid cooling in the mould (using chills) the beta constituent can be 
prevented to some extent from breaking up into these two constituents and the 
difficulty partially overcome. But in practice it is not possible to control the rate 
of cooling so effectively as to cause the constituents to arrange themselves in 
a harmless way. They are not always distributed uniformly, and of such small 
dimensions as to break any possible path through the metal. 

Referring to the work of the Primrose brothers, they found that heating 
gunmetal and quenching it in water failed to have the good effects obtained 
with ordinaiy bronzes. In fact, the strength and ductility of the alloy falls off 
to a very considerable extent. On the other hand, heating the metal to a tempe- 
rature of about 700° C., soaking it for 30 minutes and then cooling it at a'moderate 
rate in the furnace, improved the tensile strength and ductility very considerably 
At the same time the absorption of the troublesome delta constituent is more or 
less complete and it does not appear in the structure to the same marked extent 
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Thus the porosity of the alloy is reduced and in this way many castings which 
fail to stand up to the water pressure test can be rectified. 

The foUowing results obtained by the Primrose brothers are of service in 
establishing the value of this annealing treatment. These tests were carried 
out on inch round bars 10 inches long, gast at a temperature just below 1,100° C. 
In the first series the bars were cast in dry-sand moulds and then cooled slowly 
thus representing the usual type of gunmetal casting. Different bars were 
heated to various temperatures, kept for a period of 30 minutes, and then 
cooled moderately slowly. The tensile strengths and elongation values are 
plotted in the graph shown by Fig. 151. The great increase in the elongation 
value is of immense importance and this, combined with the fact that the tensile 
strength does not fall off (anneahng at 700° C.), places the treatment in the list 
of those that are of real service commercially. 

The effect of annealing chill castings is shown in Fig. 152. The same marked 
improvement is obtained at 700° C., in fact in these and other tests this tem- 
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Fig. 152. — ^Annealing Chilled Gunme.tal Castiags. Both the ductility and tensile strength 
are improved by heating to 700° C., and slow cooling. Ordinates represent tons 
per sq. in. and iso percentage elongation. 

perature appears to be most suitable, and the soaking time of 30 mmutes the 
best. Increasing the soaking tends to reduce the tensile and elongation values. 

The heat treatment, therefore, for gunmetal is annealing at 700° C. for 
30 minutes and then cooling fairly slowly in a small furnace or in ashes. This 
improves the ductility by a considerable percentage and tends to raise the 
tensile strength, while at the same time the porosity of the metal is reduced to 
a minimum. Heating to higher temperatures is harmful and may even cause 
incipient fusion (commencing at about 800° C.). 

It is important to note that gunmetal heat treated in the manner described 
does not form a suitable material for bearings. As a bearing alloy it should be 
used in the cast condition. 

Aluminium Bronze. — ^The aluminium-copper alloys may be divided 
into two groups : (1) those that respond to heat treatment, and (2) those that 
are little affected by it. The first group contains from about 7*5 to 11 per cent, 
of aluminium, while the second group contains less than 7 per cent. 

The constitution of these alloys is such that those containing only up to 
about 7 per cent, (strictly 7*35 per cent.) of aluminium are solid solutions 

B 
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(alpha) and no change takes place in their constituents during heating and 
cooling. But when the alloy contains more than 7 per cent, of aluinmium a 
new constituent (beta) appears which is hard and dark coloured and is of an 
unstable character since it is very much altered by heat treatment. 

Prolonged heating enables this constituent to attain a stable condition, 
but the time required for this is very considerable. The effect of slow coohng 



^cumtmum joer cent. 

Fig. 153. — Heat Treatment of Aluminium Bronze. 


the whole range of commercial alloys and also the quenching of them is shown 
in Pig. 153. 

The annealing of aluminium bronze tends to increase the grain sizejpd thus 
reduces the tensile strength and more particularly the yield pointl^feEhis is 
shown in the following table, which represents some of the experiments"tfarried 
out by Carpenter and Edwards : — 


Aluminium, 
per cent. 

Condition. 

Yield point, 
tons per sq. in. 

Ultimate tensile, 
tons per sq. in. 

Elongation in 

2 in., per cent. 

! Reduction of 
j area, per cent. 

010 

Rolled : 
Untreated 

6-9 

14-50 

65-5 

! 

90-71 


j 1 hour at 600° C. 

5*0 

14-11 

65-0 

91-60 


1 hour at 900° C. 

5-8 

13-26 

• 56-0 

87-65 

2*99 

Untreated 

11-6 

19-79 

57-25 

86*11 


1 hour at 600° C. 

6-9 

18-64 

66-0 

89*84 


1 hour at 900° C. 

5*8 

19-76 

82-5 

83 60 

6*76 

Untreated 

11-8 

28-40 

74-2 

76*93 


1 hour at 600° C. 

9-4 

27-20 

77*0 

75*00 


1 hour at 900° C. 

6-0 

23-66 

86-0 

70-00 

7 35 

Untreated 

10-6 

29-68 

72-5 

74*34 


1 hour at 900° C. 

71 

23-89 

92-0 

72-00 










CHAPTER XI 


CARBON STEELS 

Carbon Steels are classified under many headings and are sold by steel makers 
under various names and titles, all of which has a most confusing effect when 
the necessity arises for the selection of a steel for a given part. Whatever name 
or description is given to a steel, that steel can be placed in one or other of the 
following groups, which represent a practical classification according to the 
tensile strength in the annealed condition. 

Classification of Carbon Steels 

I. MildSteds, 

(1) Dead soft : tensile 20 tons, carbon 0*05 to 0*15 per cent. 

(2) Ordinary : tensile 25 tons, carbon 0*15 to 0*25 per cent. 

II. Medium Carbon Sleds. 

(1) 30 ton : tensile 30 tons, carbon 0*25 to 0*35 per cent. 

(2) 40 ton : tensile 40 tons, carbon 0*35 to 0*45 per cent. 

III. High Carbon Steels. 

(1) 50 ton : tensile 50 tons, carbon 0*45 to 0*60 per cent. 

(2) Tool Steel : tensile above 50 tons, carbon 0*60 to 1*4 per cent. 

A close examination of the above classification shows that the tensile 
strength is almost proportional to the carbon content of the steel. In practice 
this is not strictly true owing to the different conditions in which steel may 
exist, even though it has been subjected to an annealing treatment. Also 
the presence of varying proportions of manganese, phosphorus and other 
impurities affects the relationship. W. E. Dalby * determined the maximum 
tensile strength of a number of steels (of different carbon content) and as a 
result plotted a curve showing the relation between this and the pearUte content. 
This curve is reproduced (Eig. 154) and below the pearlite figures the correspond- 
ing carbon content is given. 

Point No. 1 is the ultimate strength of good Swedish iron containing 0*04 
per cent, carbon (almost the nearest approach to commercially pure iron). 
The line joining this point and No. 2, corresponding to 0*9 per cent, carbon steel, 
passes through the origin line at alDOut 16 tons, thus indicating that carbon- 
free iron which has been worked has an ultimate tensile strength of 16 tons 
per square inch. 

The adoption of the pearhtic content instead of the carbon content results 
from the fact that the pearlitic state of the carbon constituent represents the 

♦ Professor W. E. Dalby, M.A., B.Sc., F.R.S., Paper read before the Institution of 
Naval Architects, March 28th, 1917. 
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aonealed state of the steel, and it is only in the annealed condition that 
the relationship referred to above is even approximately trae. 

Erom t.Viia curve, and also from other data, Dalby arrives at the lollowing 

equation: ^ 

Ultimate strength = 51 X carbon per cent. + lb. 

This equation represents the ultimate strength of good commercial steel 
of normal quality, after annealing to allow the pearlite to form. Thus talong 
an average “ 40 ton ” steel containing, say, 0‘4 per cent, of carbon, the ultimate 
tensile strength in the annealed condition will be — 

(51x0-4)+16 

= 20’4+16=36’4 tons jier square inch. 

This is, however, in its softest condition, which is not the normal state in 
which a steel of this character is used in most engineering work. Normalising 



Carbori Fer Cent/ 

Fig. 1 54. — Relation between Carbon Content in Steel and the Maximum Tensile 
Strength. The steel is in the annealed condition (Dalby). 


by cooling in air will generally raise this value by several tons, and suitable 
heat treatment by still more. 

For the purpose of very rmigh approximations it can be assumed, generally, 
that the ultimate tensile is about 100 times the carbon percentage when the 
steel is in the normaUsed state (i.c. air cooled). Thus a steel with 0*4 per cent, 
carbon will give approximately 40 tons tensile strength. 

Conversely, according to Dalby the carbon content can be estimated 
approximately from the ultimate tensile strength : — 

carbon per cent, ^(^timate tens^ strength-16) 

51 

Or the still more approximate method mentioned, gives the carbon percentage 
as a hundredth of the ultimate strength. 

Mess Effects. — All calculations such as the above, and in fact the results 
produced by all treatments, are considerably affected by the mass of the steel 
being dealt with. The results obtained by heat treating a test bar of, say, one 
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inch diameter will be very different to those obtained on a large forging like a 
wheel hub or a heavy axle, even though the treatment is similar. This must 
be borne in mind and the various test results given in this, and succeeding 
chapters, must not be taken as directly applicable to all parts requiring treat- 
ment. In the main the results are those obtained with standard size test bars 
or pieces of a diameter less than 1 J inches. 

As an example of the effect of mass, BuUens * quotes the following figures : — 


Diameter of bar 

Ultimate tensile strength. 

in inches. 

Tons per sq. in. 

J 

62-7 

1 

60-0 

li- 

57-7 

2 

55 0 

2i 

501 

3 

47-7 

H 

45-4 


Classification According to Results. — ^The different mechanical 
strengths that can be obtained from a given steel by means of suitable heat 
treatments, opens up another method for classifying steels, one which is of much 
importance to the designer. A low carbon steel when suitably toughened ” 
may be used in place of a more expensive medium carbon steel simply normalised, 
the cost of the extra heat treatment being no doubt small compared with the 
difference in cost of the two steels. 

This view of the heat treatment question should not be lost sight of, for there 
is no doubt that some very surprising changes can be made, some which 
even enable a better ^teel, such as an alloy steel, to be used in preference to 
another, simply on account of the simpler heat treatment involved and the 
lower cost thereof. Generally it means the substitution of a fairly common 
grade of steel for a more expensively made steel. The table on p. 263 shows 
the steels described in this chapter arranged in order of the mechanic^ properties 
obtainable by suitable treatments. 

Acid versus Basic Steels. — ^This is a subject which is open to a good 
deal of controversy, and opinion on the relative merits of the steels produced 
by the two processes is very divided. Without going into details of the processes, 
it should be made clear that these steels take their name§ from the character 
of the furnace linings in which they are produced. In the acid process the 
lining is generally sihceous — containing silica and silicates — and is acid in 
character, while in the basic process the lining consists of metallic oxides such 
as lime, magnesia, and alumina, etc., which are basic (i,e. have an opposite 
chemical reaction to that of acids). 

In the acid process there is no removal of sulphur and phosphorus, and it is 
therefore necessary to select carefully the pig iron and scrap, which should be 
very free from both these impurities. On the other hand, the phosphorus is 
almost entirely removed, and the sulphur very much reduced, by the basic 
process and in consequence it is possible to use impure pig iron and aU sorts of 
scrap, a fact which no doubt lesAa to the abuse of this method. Both methods 
when suitably controlled produce good material, but among many engmeers 
there is a strong feehng of distrust for basic steel and some 'will not use it 
under any consideration whatever. There is no doubt that basic steel is prone 

♦ p. K. BuUens, “ Steel and its Heat Treatment.” 
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to contain more slag than acid steel and that it appears to ^ve more trouble 
in drop forging and stamping. It is therefore advisable to inspect such st^l 
carefully, both chemically and with the microscope, before using any quantity 
for forgings and stampings. 

The acid process requires pig-iron and ores of great purity, and as these are 
becoming more dhOficult to obtain it is highly probable in the future that the 
basic process will be employed to a greater extent, and that most of the steel 
required for constructional work will be produced by this process. There 
is no doubt, therefore, that basic steel will have to be used more for ordinary 
engineering purposes, and it is equally certain that the steel makers will produce 
material free from many of the defects which are so often present in that made 
to-day. 

For m and Finish. — ^The form in which the steel is ordered has an impor- 
t&t;^Rence on its cost, and it is essential, therefore, that this should be 
specified. The finish is even more important and should receive attention so 
as to secure the material under the most advantageous terms. 

Broadly speaking, steel is supplied either as biUets, black roUed bars, bright 
drawn bars, or blue reeled bars. 

The billet material and the black rolled bars are used generally for forgings 
and drop stampings, and their shape and size are, therefore, controlled by the 
shape and size of the forging or stamping. For nearly aU purposes either a 
square or a round section is suitable, and special sections are not often necessary, 
or desirable, because of their increased cost. The square section should not 
have sharp comers as these cause trouble to both the rolling mill people and to 
the stamper : the comers should be rounded off. Probably the cheapest section 
is that known as the “ Gothic ” shape, in which the steel stiU retains a squarish 
shape, but the sides are cmved and the comers well rounded. Black rolled 
bar is generally more costly, but is more serviceable for many forgings and 
stampings. 

In all this rough material there is a possibility of such surface troubles as 
roaks, fine hair cracks, and sometimes laps. These are often difficult to detect, 
but they almost invariably show up as cracks or fissures in the forging after 
only a few blows, and may become so deep as to cause the part to be useless. 
Most of these surface troubles, however, only penetrate a short distance and if 
the steel suppliers are instructed to rough machine the steel before finishing 
the polling the source of the diffictilty is removed. This procedure, as a matter 
of fact, is adopted by several of the most up-to-date firms and their material 
will be found quite sound in this respect. As a mle the alloy steels give more 
trouble during rolling, and the rough biUets and bars are defective more often 
than those of mild or medium carbon steels. 

For parts which have to be machined direct from the bar it is usual to employ 
bright drawn or blue reeled steel. The former is drawn cold and possesses a 
good smooth finish which in many cases forms part of the final article. The 
blue reeled bar does not possess so good a finish, but is rolled (or reeled) so 
well that the bars are all the same diameter (or other section). Both kinds are 
suitable for automatic machines where the chucking arrangements only permit 
of a very small variation in the size of the bar. 

Hardening Effects due to Drawing and Rolling . — ^The cold working 
of steel raises its elastic limit, tensile strength and hardness, but greatly reduces 
its ductility and dynamic strength. If the steel is worked to an excessive 
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degree it becomes extremely brittle. This is due to the distortion of its structure, 
i.e. the grains of ferrite, pearlite, etc., are elongated in the direction of rolling 
and sections of the individual grains slip along their cleavage planes, generating 
amorphous metal at these planes which accounts for the brittleness of the 
material. 

Thus aU bar steel, drawn or rolled in the cold or semi-cold state, will give 
higher tensile figures, and lower figures for ductility (as represented by elonga- 
tion and reduction), while the dynamic strength as shown by the Izod impact 
test will often be very poor. If the material is annealed it will return to its 
normal condition and give test results more in accordance with its composition. 

As, however, the object of drawing steel cold is to produce bar of good 
finish and of accurate dimensions (diameter, etc., and straightness), the ordinary 
annealing operation, owing to scahng or oxidising troubles, cannot be applied 
and the steel must be used in the stressed condition produced by cold working. 
It is necessary that the annealing should be carried out in such a manner as 
to reduce the oxidation to a minimum, so that the bars will retain their 
original brightness and finish. This, however, necessitates the packing of the 
bars in boxes which will exclude the air during the operation, or, alternatively, 
it means the use of special furnaces which maintain an inert atmosphere during 
the period of working. 

The effect of cold working is usually greatest in smaU-section bars, and is 
always worse in the outer layers than at the centre of the bar. This is important 
in the smaller sizes such as | inch or | inch diameter, because the tensile test 
pieces will embrace very nearly the full section of the bar, and in conse- 
quence will give a high yield point and brealdng figure, whereas when the 
material is machined into "bolts or screws the thread or stem is machined from 
the centre and the outer layers are cut away. The centre being less affected 
by drawing possesses a lower tensile strength and the bolts, etc., do not give 
test results that agree with the original tests. They are, in fact, often below the 
requirements, because some steel suppliers evidently take advantage of this 
drawing effect to supply steel of low carbon content and which, simply by reason 
of the cold working, gives the tensile results asked for. This also applies to 
cold-drawn steel tubing. 

This has an important influence on the manufacture of studs of small 
sizes, sinci these are made often from bright drawn steel of the exact size of the 
stud, the only machining being that of screwing. Here the thread is cut into 
the hardest layers of the material and as these are the most brittle it is easy to 
understand why stripping troubles occur. From this it is evident that the better 
studs are those which are machined from bar of a larger diameter. 

Bright Turned Bars. — ^Messrs. The Coghlan Iron and Steel Company, 
Ltd., of Leeds, employ a patented method for turning or machining round bars 
after the final annealing or normalising process, and thus the effects of drawing 
are eliminated. This material is turned to within an accuracy of ±0*002 inch, 
and possesses a beautiful finish due to the burnishing action of the rollers 
employed in steadying the bar during machining. 

Tins method, however, is not applicable to special section bars such as 
square or hexagon, etc., and the difficulty with these regarding the impact 
strength still remains. 

Ground Bar. — ^To overcome this same difficulty other firms are grinding 
the bar after heat treatment, and one firm quotes an accuracy of 0*00025 inch 
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(plus or minus) and a silvery finish. A rougher finish is also supplied with 
an accuracy of 0*001 inch (plus or minus). This material has the full 
properties of the heat treated condition, but the increased cost makes its use 
prohibitive in many cases. 

Mild Steel 


(Dead soft, 0*05 to 0*15 per cerd. carbon.) 


Composition. — ^The usual composition of these dead soft steels is given 
in the following table : — 



Locomotive 1 
Boiler Tubes, j 

Carbon 

0*12 i 

Manganese 

0-33 I 

Sulphur . . 

0-025 ' 

Phosphorus 

0 030 1 

Silicon 

0-020 1 


Common screw 
Stock. 

Acid open- 
hearth Steel. 

Sheet Steel. 

0-11 

0-14 

0-14 

0-30 i 

0-46 

0-42 

0-03 

0 04 

0-032 

0-051 ! 

0-032 

0-020 

0-02 j 

1 0-030 

0-051 


The composition of this class of steel for most purposes should come within 
the following limits : — 


Carbon 

Manganese 

Sulphur 

Phosphorus 

Silicon 


0 ‘05 to 0*16 per cent. 
0-30 „ 0-70 
Not over 0*04 ,, 

„ 0-04 „ 

„ 0-20 


Heat Treatment. — Owing to the small amount of carbon these steels 
contain, the range of results obtainable by heat treatment is very limited ; in 
fact it is usual to leave out altogether the question of heat treatment when 
considering the possible use of the material. 

The following treatments are of use : — 

Annealing and Normalising : 

Heat rapidly to 840^-870° C., soak a minute or two, cool in ajr. This 
will relieve strains set up in cold working, pressing, drawing, etc. 

Hardening (or Tov^hening) : 

Heat rapidly to 840°-870° C., soak a minute or two, quench in water. 

This is the best treatment because it refines the grain and removes any 
strains caused by previous workmg. It also improves the machining quality 
of the material, which, as is well known, is usually poor, having a tendency to 
tear badly during turning and screwing. 

With these low carbon steels the change into austenite, when heating, is very 
rapid, and as the grain soon coarsens with length of time or increased tempera- 
ture, both these factors should be controlled carefully. The steel need only be 
heated through and then cooled or quenched. 

The second treatment when applied to parts of intricate shape may set up 
hardening strains, which should be removed by reheating the parts to about 
700° C. and then cooling in air (i,e, toughening). This, however, is seldom 
necessary. 
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Mechanical Tests. — A few test results are given below showing the 
effect of the above treatments on test bars of f inch diameter of acid ” siuel. 


steel and Treatment. 

Yield, tons per 
sq. in. 

Ultimate, tons 
per sq. in. 

Elongation per 
cent, in 8 ins. 

deduction of 
area per cent. 

As rolled 

16*1 

23*5 

34*5 

65*3 

Annealed 

14*4 

22*2 

37*5 

67*5 

Water quenched, 860° C. 

20*7 

29*8 

22*8 

61*2 

860° C. water / 700° C. air . . 

16*6 

24*1 

35*4 

66*1 


The composition of the above steel is C 0*10 per cent., Mn 0*32, S 0*024, 
P 0*028, Si 0*019. 

Applications. — ^This steel is employed for such work as the following : — 
Pressings and cold stampings. 

Tubing and piping. 

Wire. 

Sheet — ^plain, tinned, and galvanised. 


Mild Steel 


(“ Ordinary 0*15 to 0*25 per cent, carbon,) 
Composition. — ^The following are typical analyses of this steel : — 


Carbon 

Manganese 

Sulphur 

Phosphorus 

Silicon 


I 


i Basic open-hearth 
Steel. 1 

Acid open-hearth 
Steel. 

i 

Spring Clip used in 
automobiles. 

1 

1 0*18 

0*18 

0*16 

1 0*50 * 

0*50 

0*45 

i 0*035 

0*028 

0*045 

! 0*035 

0*044 

1 0*063 

.0*027 

0*021 

0*04 


The composition of this class of steel for most purposes should come within 
the following limits : — 

Carbon . . . . . , . . 0’15 to 0*26 per cent. 

Manganese . . , . . . . . 0*40 „ 0 *9(1 „ 

Sulphur . , . . . . . . Not over 0*06 „ 

Phosphorus . . . . . . . . „ 0*06 „ 

Silicon . . . . . . . . „ - 0*25 „ 

Forging and Drop Stamping. — ^This steel is easily forged or stamped, 
but like all low or medium carbon steels the temperature at which burning 
Ijakes place is very high (about 1,400° C.), and in consequence the drop stamper 
wiU often take advantage of this, and will work the steel at too high a tempera- 
ture. The correct forging heat is from 1000° to 1200° C., at which temperature 
the steel is sufficiently plastic for most purposes. 

These low carbon steels easily develop a coarse-grained structure and it is 
essential that the finishing temperature should be closely watched. 

Heat Treatment. — ^This steel, like the dead soft variety, does not harden 
appreciably, but such treatments as annealing, normalising, and toughening 
are of value in refining the structure, particularly after forging and stamping 
and also after cold working. In the case of forgings and stampings which 
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are so often made at very high temperatures, a normalising treatment is 
lately essential to break down the coarse crystalline structure resulting 
high finishing temperatures. 

The following treatments are used : — 

Annealing and Normalising : 

Heat to 810°-840° C. , soak 15 to 30 minutes, cool m air. . . . 

This is applicable for steel which has been forged or stamped at a low 
finishing temperature (850°-950° C.) and is in a good condition as regards gram 
size and diffusion. This treatment will reUeve strains set up m the lorgmg 
operation and equalise the structure. 

Double Normalising : . • x » i 

Heat to 840°-870° C., soak 15 to 30 minutes, cool m air to black 

heat ’’ (500° C.). 

Reheat to 810°-840°C., soak 15 minutes, cool m air. 

This treatment is intended for parts which have been finished at a 
forging heat (950° to 1,100° C.) and are in consequence very crystalline. The 
first “ heat ” enables diffusion of the ferrite to take place more rapidly and more 
uniformly, although the grain size still remains large, but the second^ heat, 
while still improving the uniformity, breaks down the grain size and improves 
the dynamic strength of the steel. 

Hardening {or Toughening) : 

Heat to 810°-840° C., soak 15 to 30 minutes, quench in water (or oil). 

Reheat to 450°-500° C., soak 30 minutes, cool in air. 

The results obtained are perhaps the best of any obtained by treatment, for 
not only is the tensile strength increased, but the ductility and dynamic strength 
are good. Quenching in water may be too drastic in some cases owing to the 
intricate nature of the part, and quenching in oil wiQ have to be resorted to, 
although this does not give the same degree of refinement as that obtained by 
water quenching. In such cases the second heating may not be necessary owing 
to the “ softer ' action of the oil, but this depends on the size of the part — ^the 
larger this is the less will be the hardening action. With very thin pieces the 
effect of water quenching is to induce brittleness and the second heating is 
very necessary. This applies to sections up to about 2i inches thick, or with 
oil quenching 1 inch thick. Above these sizes the second heating is not so 
important, although it is useful in relieving hardening strains. 

Mechanical Tests.— 


{Carbon, 0 *25 per cent, ) 


Condition or Heat Treatment. 

Yield, tons 
per sq. in. 

Ultimate, 
tons per 
sq. in. 

Elongation 
per cent, 
on 2 ins. 

Reduction 
of area 
per cent. 

Impact (Izod), 
ft.-lbs. 

Bar as received . . . . 

Annealed 860® C., cooled in 

18*5 

27 0 

41*0 

68*0 

79, 81 

* furnace . . 

Mormalised 840° C., soaked 

20-8 

25-4 

j 

41 0 

1 

70*4 

82, 78 ■ 

30 mins. . . 

Hardened 860° C., quenched 

21-5 

26-9 

39*2 

64*7 

86, 82, 84 

in oil 

860° C. 15 mins, (oil), 760° C. 

25-3 

31*4 I 

i 36*8 

63*8 

87, 90 

1 5 mins, (air) 

23 1 

26-7 

1 

38*5 1 

j 67*5 

88, 89, 89 

i 
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The above tests were made on some black rolled mild steel of 0*25 per cent, 
carbon content and are the average of the results obtained with two sets of test 
pieces 1^ inches diameter. The bar was supplied in the annealed or normalised 
condition and, as will be seen, further annealing and normalising made no 
improvement, the steel being in a good state already. The effect of hardening 
in oil from 860° C., however, raised the yield point from about 20 tons to 25 tons 
per square inch, and the ultimate breaking stress from 27 tons to about 31 
tons without reducing the ductility much, while the dynamic strength as 
revealed by the impact test is even better than in the normalised or annealed 
state. 

The reheating to 760° C. restores the steel to the annealed condition, but as 
is shown by the impact tests the structure is in a better state because of this 
treatment. 

Machining Qualities. — ^The dead soft steel is often troublesome during 
machining in so far that it tears badly and the finish is rough. This is improved 
by heat treatment. With ordinary mild steel the same trouble is experienced 
sometimes, but as a rule the material machines well and rapidly, in fact it may 
be taken as the best of aU steels for rapid machining. It is common practice 
in America to increase the percentage of sulphur and sometimes phosphorus 
so as to improve the cutting properties, but this is a very doubtful procedure 
where a high d 3 mamic strength is required ; phosphorus inducing brittleness 
to a very high degree. 

Applications. — ^This steel is used very extensively for machine work, 
shafting, frames for motor chassis, large engine forgings such as crank shafts, 
connecting rods, levers. 


Medium Carbon Steel 

(“ 30-fon.” 0*25 to 0*35 per cent, carbon.) 


Composition. — ^The following are typical analyses of this steel : — 



Black Rolled Bar 
Acid Steel. 

Black Rolled Bar 
Acid Steel. 

Billet Steel for 
Stamping. 

Carbon 

0-34: 

0-28 

0-31 

Manganese . . 

0*49 

0-74 

0-59 

Sulphur ... 

0049 

0 035 

0 036 

Phosphorus . . 

0053 

0027 i 

0025 

Silicon 

0*25 

Oil 

012 




The composition should come within the following limits : — 


Carbon 

Manganese 

Sulphur 

Phosphorus 

Silicon 


0*25 to 0*35 per cent. 
0-60 „ 0*85 
Not over 0*06 „ 

„ 0-06 

0-25 „ 


Forging and Drop Stamping. — This is an easy steel to forge or stamp, 
but again it is common to find that.stampings are made at high temperatures, 
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ajid that the resulting material is coarse-grained. The correct forging tempera- 
ture is from 850° to 1,150° C., while burning commences at about 1,350° 0. Its 
welding properties are good. 

Heat Treatment. — mde range of results can be obtained by heat 
treatment, and if these are considered, this steel can be put to a great variety 
of uses. The following are typical treatments : — 

.A.VbYh&Cil/i/'ftQ * 

Heat to 800°-830° C., soak 15 to 30 minutes, cool in furnace or 
boxes, etc. 

^^-The treatment reduces the steel to its softest state and removes all forgiug 
strains^utc. * this state it is easily machiued. 

Normalising : 

Heat to 800°-830° C., soak 15 to 30 minutes, cool in air. 

The treatment removes forging strains and refines the structure. There is 
a tendency for the steel to harden on the surface and this renders machining 
a little more difficult than in the fully annealed condition. This, however, 
is generally only slight and the treatment is more commercial than anneahng ; 
the difference in the tensile strength not being great. Small sections, of course, 
harden most, and in some cases full annealing may be essential. 

Double Normalising : 

Heat to 870°-“900° C., soak 15 minutes, cool in air. 

Re-heat to 800°-830° C., soak 15 to 30 minutes, cool in air. 

This treatment is useful for stamping and forgings finished at too high a 
temperature and is intended for breaking up the coarse crystalline structure 
that usually results from high finishing temperatures. 

Hardening {and Toughening), 

Heat to 800°-830° C., soak 15 minutes, quench in water (or oil). 

Re-heat to temperature that gives desired results, cool in air (do not 
quench). 

The first heat gives the steel its maximum hardness especially if water 
quenching is adopted. With intricate pieces or parts with sharp comers, 
or with holes close to the edge, water quenching may be too drastic and 
cracks may develop. In such cases oil quenching should be resorted to. 
This effect is veiy pronounced in thin sections, when oil should always be 
used. 

The reheating is always necessary after water quenching, even if it is desired 
to retain the maximum hardness obtained by the first heat. Thus reheating 
to 150°-180° C. will ease the hardening strains considerably without 
reducing the hardness. This is shown by the curve in Fig. 155, where it will 
be seen that the steel when hardened has an impact strength of 23 ft. -lbs., 
but when reheated to 180° C. the impact value is 38 ft.-lbs. 

With oil quenching there is not the same necessity for reheating when 
maximum harness is desired, but it is always advisable. 

To obtain greater dynamic strength the reheating should be carried out at a 
temperature which will give the desired impact value and tensile strength. 
The effect of reheating is to reduce the tensile strength and to increase the 
impact value. This is also shown in Fig. 155. 

Usually the reheating temperature is 700° C., which, as this curve shows, 
gives a tensile strength of about 36 tons per square inch and an impact value 
as high as 90 ft.-lbs. 
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Mechanical Tests. — -The tensUe strength of this steel in the annealed and 
normalised states will range as follows : — 



Annealed. 

Normalised. 

Ultimate breaking strength 

25 to 35 tons 

27 to 38 tons 

Yield ratio 

50 „ 80 per cent. 

50 „ 80 per cent. 

Elongation in 2 ins. . . . . 

i 40 „ 25 „ 

35 „ 25 

Reduction of area 

60 „ 50 

60 „ 45 „ 

Impact (Izod), not less than . . 

! 10 ft. -lbs. 

16 ft. -lbs. 


The impact values are most variable, but the figures given should be obtained 
quite easily. In fact, for specification purposes a value of 20 ft.-lbs. is quite 



Fig. 155. — ^Heat Treatment of 0*3 per cent. Carbon Steel. All test bars hardened and 
then reheated to the temperatures specified and cooled in air. Test results plotted 
against reheating or toughening temperatures. 


practicable. With careful forging heats and good heat treatment {i,e. correct 
temperatures and soaking times), values as high as 40 md 50 ft.-lbs. can be 
obtained. Much, however, depends on the size and shape of the part and on 
the direction of flow of the steel during working ; large masses giving low 
values (in normahsing particularly), and the flow, if across the test piece (in the 
direction of the axis of the notch), reducing the value very considerably. 

The effect of the double heat treatment, f.e. hardening and then reheating, 
is shown in Eig. 155, which shows graphically the results of a series of tests 


JTrrryocrct /is. 
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made on bars 1| inches diameter, which were hardened by quenching in water 
and then reheated to the temx)eratures indicated in the graph. The steel 
when hardened has a tensile strength of about 51 tons, but by reheating this 
falls off until at 700° C. it is about 36 tons. The dynamic strength, which 
is about 23 ft.-lbs. when the steel is in the hardened condition, increases as 
the reheating temperature is raised, until at 700° C. it reaches about 95 
ft.-lbs. 

The best results are obtained by reheating to between 600° and 700° C. ; 
the ductility and dynamic strength are at their highest while combined with 
a tensile strength equal to that usually required from the steel. 

Machining Qualities. — ^This steel is capable of being machined rapidly, 
especially in the heat-treated state {i.e. double treatment). It does not, how- 
ever, machine so rapidly as ordinary mild steel 

Applications. — ^This is a useful steel for parts such as crankshafts, spindles, 
shafting, piston rods, and forgings for axles and other parts intended to run in 
bearings such as bronze. It is a much better material than mild steel for 
wearing, although it cannot be considered so good as “ 40-ton ’’ steel. 

Medium Carbon Steel 

(“ 40-/o?i.’’ 0*35 to 0*45 per cent, carbon.) 

Composition. — ^The usual composition of this class of steel is shown by 
the following table : — 



Acid Steel for Aero- 
engine Cylinders. 

Automobile Engine 
Crankshaft. 

Black rolled Bar. 

Carbon 

0*45 

0*40 

0*35 

Manganese 

0*73 

0*78 

0*80 

Sulphur . . 

0*04 

0*039 

0*044 

Phosphorus 

0*026 

0*029 

0*042 

Silicon 

0*16 

0*19 

0*13 


The composition should come within the following limits : — 

Carbon . . . . . . . . 0*35 to 0*45 per cent. 

Manganese .. .. .. .. 0*50 „ 0*80 „ 

Sulphur . . . . . . . . Not over 0*06 „ 

Phosphorus . . . . .... „ 0*06 „ 

Silicon . . . . . . . . „ 0*25 „ 

Forging and Drop Stamping.— The lower carbon steels of this group 
forge well, while the higher carbons (0*45 per cent.) are only a little more difficult. 
The forging range should not exceed 1 ,300° C. owing to risk of ‘‘ burning.” The 
steel also welds with fair ease although not so readily as the “ 3p-ton ” steels. 

Heat Treatment. — This steel, like the 30-ton steel, is capable of being 
heat treated to give a wide range of results and is valuable for a large variety 
of purposes, because of this. The treatments are very similar to those given 
to the 30-ton steels. 

Annealing : 

Heat to 790°-810° C., soak 15 to 30 minutes, cool in furnace or boxes. 

The steel is reduced to its softest state for machining, all forging strams, 
are removed, and the structure refined. 



CARBON STEELS 


255 


Normalising : 

Heat to 790°-810° C., soak 15 to 30 minutes, cool in air. 

This treatment removes forging strains and refines the structure. like the 
30-ton steel there is a tendency to harden on the surface and difficulty in machin- 
ing may result. But this o^y causes trouble in thin-section parts (under 1 
inch diameter) and need not be considered seriously with large pieces. Com- 
mercially this treatment is preferable to full annealing for most parts, but with 



Fig 156. — ^Effect of Varying the Normalising Temperature on a Medium Carbon (0*44 
per cent. C). Soaking time 30 mins. 

small parts full annealing may be absolutely necessary. The effect of normalis- 
ing a steel of 0*44 per cent, carbon content is shown in Pig. 156, which is a graph 
of the results obtained by normalising a number of bars 1| inches diameter 
at different temperatures. Prom this it will be seen that the best result is 
obtained at a temperature of about 800° to 820° C., where the impact test value 
reaching a maximum shows that the steel is in its most refined state. This 
curve also shows how little the tensile test figures vary and how misleading 
they would be without the Izod impact test. 
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Hardening {and Toughening) : 

Heat to 780°-800° C., soak 15 minutes, quench in oil. 

Reheat to temperature that gives desired results, cool in air (do not 
quench). 

The first heat hardens the steel. Oil quenching is the safer, but water 
quenching gives the Tn fl.yiTniim tensile strength. The usual precautions regard- 
ing intricacy, sharp comers, and holes should be taken, and only oil used for 
delicate parts. Water should be used whenever possible, however, because of 
the increased dynamic strength that results. 



Fig. 157. — Effect of Hardening Medium Carbon Steel (0'44 per cent. C) by quenching 

in Oil at Different Temperatures and then Reheating to 700° C., and Cooling in Air. 

The results obtained by quenching in oil and water respectively are shown 
in Pigs. 157 and 158, which are graphs obtained by heating test bars (1| ins. 
diameter) to different temperatures, soaking 30 minutes, and then quenching. 
It wUl be noticed in both that the dynamic strength, as represented by the Izod 
impact test, reaches a maximum and then falls off again. This mfl-yimuTu 
point in the case of oil quenching is obtained at 820° C., and that given by water 
quenching is at 790° C. to 800° C. (See Pig. 158.) Thus for water quenching it 
is advisable to quench at a lower temperature than for oil quenching, a fact that 
is important when the best results are required. These curves also show that 
the dynamic strength is greater with water quenching than with oil quenching. 
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The tensUe strength is ^eater with water quenching, and increases as the 
hardening temperature is raised, but if the best temperatimes are selected the 
results are as follow : — 



Yield. 

Tons persq.in. 

Ultimate. 
Tons per sq. in. 

Elongation in Beduction ' 

2 ins. Percent. Area. Percent. 

Impact 

ft.-lbs. 

Oil quenching at 
820° C 1 

25*5 

380 

31*5 

' 

63 0 

66 

Water quenching at i 
795° C ‘ 

31*2 

44-8 

27 0 

62*4 

95 



and cooling in air. 

In the above tests the bars were all forged down to 1 J inches square from 
billets inches square and then normalised at 800° C. (30 minutes' soaking), 
afterwards machined to 1| inches diameter and then hardened as specified 
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and all reheated to 700° C. for 30 minutes and cooled on the floor. The composi- 
tion of the steel was : — 

Carbon .. .. .. .. 0*44 per cent. 

Manganese .. .. .. 0*75 „ 

Sulphur . . . . . . . . 0 035 ,, 

Phosphorus .. .. .. 0 027 ,, 

Silicon . . . . . . . . 0 20 „ 

Reheating is most essential, even if it is desired to obtain the maximum 



Fig. 159.— Complete Heat Treatment of 0-44 per cent. Carbon Steel. All test bars were 
normalised at 800“ 0.. hardened at 800“ C. in water and reheated (toughS to 
the temperature specified and cooled in air. 1,0 


hardness as in the case of gears, which should be reheated to 150 C 
to^Ueve the hard^ing stresses set up. The full effects of reheating are shown 
m :^s. 159 and 160. T^t bars of the same steel as that employed m the above 
tests were used eaeh being hardened at 800° C. by quenchteg in water or oil 
The bMs were then reh^^ to ^erent temperatures, soaked for 30 minutes’ 
^^aUow^ to coo m stiUair. The most useful range is between 500° C. and 
m e., high temile strength and good impact test figures being obtained 
Sardenmg m water produces better results than oil hardening. ^ 
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Mechanical Tests. — ^The results obtained with a steel of the composition 
quoted above are given in Figs. 156, 157, 158, 159, and 160. Steel containing less, 
or more, carbon tend to give lower or higher values for the tensile strength 
and higher or lower values for the dynamic strength, respectively. These 
medium carbon steels, however, will be found very variable and inconsistent 
in practice and the results obtained from the same cast or consignment of steel 
treated in the same manner will cover a wide range. This is particularly 
the case with drop stampings made from such steel. The figures given in the 
table on p. 260 are intended to serve only as a guide and must not be taken as 
representing the results that will actually be obtained. The impact values 



Fig. 160. — Same Stee] as Fig. 159, but hardened in oil at 800° C. and toughened at 

different temperatures. 


will be found to vary most, but the figures given are just a little above the 
minimum values obtained under normal conditions. 

Applications. — ^This steel should be used in place of 30-ton steel for 
parts which are liable to crack or develop severe hardening stresses due to 
water quenching. The oil quenching gives results equal to, and better than, 
those obtained by water quenching 30-ton steel, while distortion is reduced 
considerably. 

It is useful for axles, crankshafts and other driving shafts because it wears 
the least of the carbon steels, 04 carbon offering the greatest resistance to 
abrasive action.*** It is used very much by locomotive builders for axles, 

* According to J. Robin, Imt. Joum. //., 1910. 


2’/r7j9Crct (Zxo<^) yit, 7bs. 
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crankpins, and other forgings and also to a great extent by automobile builders 
for axles, swivel axles, hubs, connecting rods, while aero engine makers use 
it for air-cooled cylmders. 



Tons per sq. in. 

Elongation in 

Eeduction of 

Impact 

(Izod), 

ft.-lbs. 


Yield. 

Ultimate. 

2 ins. per cent. 

Area, per cent. 

Normalised only, 






800° C. 




58*0 

35 

0*35 per cent. C 

22*0 

36*0 

33 0 

0*40 

24*0 

38*0 

31 0 

66 0 

30 

0-45 

Heat treated at 

25*0 

40*0 

30 0 

53*0 

25 

800° C. (Water) 
700° C. (Floor) 



32*0 

55 0 

60 

0*35 per cent. C 

25*0 

390 

0-40 

' 27-0 

41 0 

30*0 

52*0 

56 

0-45 

800° C. (Oil) 

30*0 

45*0 

27*0 

50*0 

50 

700° C. (Floor) 




64*0 

45 

0*35 per cent. C 

^ 24*0 

360 

34 0 

0'40 

1 26-0 

39*0 

32*0 

62*0 

40 

0*45 „ 

28*0 

41*0 1 

1 ' 

30 0 

60*0 

35 


Medium High and High Carbon Steels 


{''50-ton,'' 0*45 to 0*60 per cent, carhon. Tool Steel. 0*60 to 1*4 

per cent, carhon.) 


The principal feature of steels containing higher carbon contents than 0*45 
per cent, is their brittleness, and it is mainly on account of this that they find 
so little use in practice. The alloy steels, which possess a much larger dynamic 
strength, are used almost entirely in mechanical constructional work to the 
exclusion of the higher carbon steels. 

One fairly common application is in the making of keys and cotters, and 
for this purpose it is usual to employ a steel containing from 0*6 to 0*8 per cent, 
of carbon. The specification for such a steel should be : — 


Carbon 
^Manganese 
Sulphur . . 
Phosphorus 
Silicon 


0*60 to 0*80 per cent. 

0-4 „ 0-50 

0 *05 per cent, maximum 

0 05 

0*15 


The heat treatment for such parts should be approximately : — 

(1) Heat to 760° C., soak 10 minutes, quench in oil. 

(2) Re-heat to 400°-500° C., soak 15 minutes, cool on floor. 

This hardening and toughening treatment should give the following 
mechanical tests : — 


Yield. Ultimate. 

Tons per sq. in. Tons per sq. in. Elongation in 2 ins. E eduction of Area. Impact, ft -lbs 
55 65 8 per cent. 15 per cent. 5 

Some firms supply steel contaming up to 0-65 per cent, carbon asa40-tonsteel, 
a practice which is exceedingly bad on account of the low dynamic strength 
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of the material. While such steel in the annealed or normalised state will gi\'e 
a tensile strength of about 40 to 54 tons per square inch the impact value will 
only be about 5 to 10 ft.-lbs. Hardening and toughening will tend to raise this 
latter value, but the risk of cracking (even during oil quenching) is so serious 
that such steels should be condemned for work of any but the simplest character. 

The forging and drop stamping also becomes very difficult as the carbon 
increases and the risk of cracking during cooling is quite considerable. 

The remarks about manganese on p. 121 should be noted, and if it is neces- 
sary to employ these steels this element should be carefully watched. 

Railway tyres are made from steels containing 0*5 to 0*7 per cent, carbon, 
and these are heat treated to obtain a sorbitic structure in order to withstand 
severe shocks. The test applied is a falling weight, generally 1 ton. This is 
allowed to fall freely on to the tyre from gradually increasing heights until a 
certain minimum deflection is obtained without fracture. The amount of this 
deflection depends on the dimensions of the tyre and the class of steel used. 

Springs are made from high carbon steel. For laminated springs such as 
are used for railway stock and for road vehicles, steel containing from 0*5 to 
0*8 per cent, of carbon is used, but for coiled springs a higher percentage of 
carbon is required, the range being 0*8 to 1*0 per cent. If more carbon is used 
there is a risk of free cementite forming and this, owing to its brittleness, might 
start cracks. 

The heat treatment of springs as carried out by many manufacturers is 
a somewhat crude and, in view of the increasing performance expected from 
springs, a very unsatisfactory process. The steel is heated (often to a high 
temperature) and, after forming, is hardened by quenching in whale oil. This 
practice of forming and hardening with a single heating is unsoimd because of 
the time taken in forming (during which the steel cools) and the uncertain 
temperature at the moment of quenching. If the maximum of quality and 
service is required the steel should be heated to a temperature just high enough 
to enable the spring to be formed, and then it should be reheated to correct 
hardening temperature and quenched. This reheating ensures the removal of 
any internal stresses and, what is particularly important, it ensures a uniform 
temperature throughout the entire spring at the moment of quenching. With 
the older method of working imeven temperatures are common. 

The tempering operation (with laminated springs) is one which gives sur- 
prising results, considering that it consists of heating the hardened springs in a 
furnace operating at a temperature higher than that required for tempering 
and then removing them at the correct moment, which is judged by the charring 
action on a twig of hazel that the operator applies to the heated metal. 

These methods, however, are giving way to ones that are under definite 
control, and now the best springs are made by heating the metal in furnaces 
having separate chambers for the hardening and tempering operations. The 
hardening temperature is usually high enough for the forming operation, and 
consequently the same chamber is used for both operations, the formed spring 
being returned for reheating previous to quenching. The tempering chamber 
is maintained at the correct temperature and the spring is allowed to remain in 
it until thoroughly and uniformly heated. 

Coil springs are generally tempered in a lead bath which, it is claimed, ensures 
a higher degree of temperature uniformity, a claim which is losing value in view 
of the recent improvements in furnace design 
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Wire ropes are now made from steel containing a large percentage of carbon, 
ranging from 0*4 to 0*85 per cent. In the manufacture of this wire an operation 
known as patenting ” is applied and this imparts to the metal the qualities 
of toughness and freedom from brittleness. The wire is passed continuously 
through a heated tube (the furnace contains many of these tubes), and is raised 
to a temperature above the critical range. On leaving the tube the air cools the 
wire with sufficient rapidity to ensure a sorbitic structure being retained in the 
steel, and this corresponds to the conditions of quality already mentioned. 
The wire after this treatment is drawn to its final size, and the combination 
of the cold drawing and this process produces a wire of great strength and 
toughness. 

Strength of Steel at Different Temperatures.— The effect of 
high temperatures on the strength of steel is frequently an important con- 
sideration and it is unfortunate that so little wnrk has been carried out in 
determining the relationship between temperature and the physical properties 
of steel. 

A series of measurements were made by J. E. How^ard, of the Watertown 
Arsenal, U.S.A., on four steels of different carbon content, and the results 
obtained are valuable. The followmg table is a brief summary of these results, 
w'hich for convenience have been taken from a graph, round figures being given 
for the tensile strengths corresponding to the temperature in Centigrade units : 


Effect of Temperature on Tensile Strength of Carbon Steel. 


Carbon 

0*20 per cent. 

0'37 per cent. 

0 57 per cent. 

0 97 per cent. 

Manganese 

0*45 „ 

0-70 ,, 

0-93 

0*80 „ 

Temperature, 
dogs. Cent. 

Tons per sq. in. 

! Tons per sq. in. 

Tons per sq. In. 

Tons per sq. in. 

20 

31 

38 

53 

69 

100 

30 

36 

49 

66 

200 

33 

42 

; 56 

74 

300 

36 

i 44 

’ . 58 

72 

400 

30 

' 40 

50 

59 

500 

24 

32 

41 

48 

600 

15 

22 

28 

36 

700 

10 

13 

17 

25 

800 

8 

9 

12 

15 


! 


From the above table it will be seen that the tensile strength of all four 
steels diminishes a little as the temperature is raised to 100° C. and then increases 
as the temperature is raised further, until at about 300° C. it r eaches a maximum. 
The amount of carbon in the steel has some influence on the position of these 
minma and maxima in the scale of temperature, the lowest carbon steel having 
a mmimum strength at about 95° C. and the highest carbon steel a minimum 
strength at about 130° C. The corresponding maximum strength points occur 
between 220 C. and 330° C. After passhig these temperatures the steels 
diminish rapidly in strength. 

The results obtained by other observers confirm the existence of the minimum 
and maximum strength points mentioned above and also show' that the strength 
of steel increases as the temperature falls. 
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General Summary 

As explained on p. 245, carbon steels can also be classified according to the 
mechanical strength they will give under different treatments. The following 
table is drawn up in this manner, the yield point being taken as the controlling 
property of the material, and as this increases the different steels are given 
together with their heat treatments and approximate carbon contents : — 


Yield. 

Ult. 

E. 

R. 

I. 

14 

22 

35 

65 

40 

16 

24 

35 

65 

100 

20 

25 

40 

70 

60 

20 

29 

20 

60 

50 

20 

28 

35 

55 

25 

21 

26 

38 

63 

50 

22 

32 

33 

53 

35 

23 

36 

33 

56 

35 

23 

29 

35 

65 

80 

24 

38 

31 

56 

30 

24 

36 

30 

65 

65 

24 

36 

34 

64 

45 

25 

39 

32 

55 

60 

25 

40 

30 

53 

25 

25 

31 

35 

60 

60 

26 

39 

32 

62 

40 

27 

40 

28 

! 62 ! 

60 ! 

27 

40 

32 

i 60 ' 

40 

27 

41 

30 

! 52 1 

55 

28 1 

41 1 

30 

^ 60 ! 

35 

29 ! 

! 44 

28 

1 52 i 

i 35 

30 1 

45 i 

25 

1 58 

50 1 

30 1 

44 : 

29 

i 55 

35 : 

30 1 

44 

28 

! 55 

35 

30 ! 

45 

27 

50 

50 

31 1 

i 46 

25 

50 

50 

33 

! 49 

24 

50 

45 

34 

! 48 

24 

55 

30 

35 

50 

22 

52 

30 

36 1 

52 

20 

48 

40 I 

36 

52 

20 

48 

40 ' 

41 1 

55 

20 

51 1 

25 1 

44 

60 

18 

45 

30 


Steel. 

C, percent. 

Dead soft mild 

0-1 

»> >» 

0*1 

Ordinary mild 

0*25 

Dead soft mild 

0*1 

30-ton 

0-30 

Ordinary mild 

0*25 

30-ton 

0*30 

40 „ 

0-35 

Ordinary mild 

0*25 

40-ton 

0*40 

30 „ 

0-30 

40 „ 

0-35 

40 „ 

0-35 

40 „ 

0-45 

Ordinary mild 

0-25 

40-ton 

0-40 

30 „ 

0-30 

40 „ 

0*35 

40 „ 

0-40 

40 „ 

0*45 

40 „ 

0-35 

30 „ 

0-30 

40 „ 

0-35 

40 „ 

0-40 

40 „ 

0-45 

40 „ 

0-40 

40 „ 

0*35 

40 „ 

0-45 

40 „ 

0-40 

40 „ 

0*40 

40 „ 

0-45 

40 „ 

0-45 

40 „ 

0*45 


i 


Treatment. 


Annealed slowly. 

860° C. water, 760° C. air. 
Annealed 860° C. 

860° C., quenched water only. 
Annealed 820° C. 

Normalised 840° C. 

„ 820° C. 

800 ° P 

860° C. oil, 760° a* air. 
Normalised 800° C. 

800° C. water, 700° C. air. 

800° C. oil, 700° C. air. 

800° C. water, 700° C. air. 
Normalised 800° C. 

860° C. quenched water only. 
800° C. oil, 700° C. air. 

800° C. water, 600° C. air. 

800° C. oil, 600° C. air. 

800° C. water, 700° C. air. 

800° C. oil, 700° C. air. 

800° C. water, 600° C. air. 

800° C. water, 500° C. air. 

800° C. water, 500° C. air. 

800° C. oil, 600° C. air. 

800° C. water, 700° C. air. 

800° C. water, 600° C. air. 

800° C. water, 500° C. air. 

800° C. oil, 600° C. air. 

800° C.-oil, 500° C. air 
800° C. water, 500° C. air. 

800° C. water, 600° C. air. 

800° C. oil, 500° C. air. 

800° C. water, 500° C. air. 


j The treatments that are abbreviated, such as “ 800° C. water, 700° C. air,” should 
read as : harden from 800° C. by quenching in water and reheat to 700° C. and then cool 
in air (on the floor). The soaking time depends on the section of the piece. 


When consulting the above table it is necessary to bear in mind that the 
figures given are only approximate, and that the results obtained by the treat- 
ments specified will vary to an extent dependent on the size of the part and 
also the conditions under which the treatment is carried out. Thus, the order 
in which the several steels are given in the table must not be taken as rigidly 
correct. 
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ALLOY STEELS 


The principal alloy steels are Nickel, Chromium, Nickel Chrome, Vanadium, 
and Manganese steels. There are many more special steels, but the greater 
number of them are used for tools (high-speed steels), while the remainder 
have not achieved any marked success in general engineering, or are used only 
to a very limited extent. A few of these latter steels are dealt with briefly 
at the end of his chapter. 

Alloy versus Carbon Steel. — ^The superiority of alloy steels over 
carbon steels is well known, but there is still a tendency to employ carbon 
steel for parts where an alloy steel would not only give a high factor of safety 
but ould render the manufacture of the parts a simpler operation, the reduced 
cost of manufacture counterbalancing the increased cost of material. This 
appears to be due to lack of knowledge or appreciation of the simple heat 
treatments some of tlie aUoy steels require as compared with the carbon steels. 
For example, a swivel axle, such as is used for the front wheels (steering) of a 
car or motor lorry, could with advantage be made from a low nickel steel 
instead of a medium carbon steel. The nickel steel can be forged with almost 
the same ease as a medium carbon steel, but when the heat treatment is 
considered the nickel steel requires less treatment, which means less fuel, 
labour, plant, and upkeep. Tw'o such steels are considered side by side 
herewith : — 

Carbon steel. Nickel Steel. 

Composition, approx. . . 0*4 per cent. Carbon 0-3 per cent. Carbon, 3 per cent. 

N" ickel 

Forging qualities . . . . Good Good 

Heat treatment I Normalising 800° C. Normalising only. 800° C. 

.. „ 11. .. .. Hardening 800° C. 

Quenched in’oil 

” » HI Toughening 700° C. 


Yield .. 
Ultimate 
Elongation 
Impact 


Mechanical Tests 

30 tons per square inch 30 tons per sq uare inch 
” » .. 44 „ „ 

29 per cent. 26 per cent. 

33 ft. -lbs. 35 ft. -lbs. 


Rom the above It wiU be seen that two heatings and one quenching are 
s^ed by ^e use of the nickel steel, and as each separate hlting be 
^kon^ ^ per cwt (mclusive cost), a saving of 12s. to 14s is easily 
effected and to covers the difference in cost between the two steels. Apart 

important factor time to be considered ; clearly the parts will “ pass 

264 ^ 
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through ’’ the hardening shop in less time and will be available for machining 
long before the carbon steel axles are ready.* 

A more important factor still is the certainty that the dynamic strength 
is better. The high forging and stamping temperatures so prevalent do not 
have so serious an effect on the structure of nickel steel as on that of carbon 
steel, and in consequence the forged parts are generally in a better condition 
before heat treatment than those made from carbon steel. This in the case 
of mass production is no little matter, especially v^hen lives depend on the 
strength of the parts concerned. 

Although the above case is cited, in which the heat treatment of the nickel 
steel is given as a simple normalising operation, it must not be assumed that 
this is the best treatment for such a steel. The full advantages of alloy steels 
are only obtained by the fuU heat treatment of hardening and reheating 
(tempering or toughening). A steel with less than 3 per cent, nickel, it heat 
treated, would answer quite well and would scarcely be more costly than the 
40-ton carbon steel, while the advantages of a refined structure and greater 
certainty of results would be obtained. 

Although alloy steels are sometimes very greatly superior to carbon steel, 
it should be remembered that the addition of a given alloying metal does not 
always improve all the properties found in carbon steel, nor does it remove 
all the faults in such steel. Again, important commercial considerations 
such as heat treatment may be more difficult in the ease of alloy steels, and the 
adoption of carbon steel may, as a result, be a better proposition. 

The principal effects produced by the addition of the alloying metals are 
described in Chapter VIII. These are summarised in a very general way in 
the table on next page. When comparing one steel with another it must be 
remembered that the composition should be taken into account ; a steel 
containing, say, much nickel may offer more difficulties in forging than one 
containing only a httle chromium. This table only serves to give a general 
impression of the relative qualities of the alloy steels. 


Nickel Steels 

The nickel steels used commercially are mainly what are kno^vn as pearlitic 
steels, ^.e. their structure on slow cooling contains pearlite and they are 
machinable. The nickel content seldom exceeds 7 per cent, and the carbon 
0*5 per cent. 

There is one important exception, and this is the high nickel steel used 
for internal-combustion engine valves, ignition tubes, magneto spindles 
(being non-magnetic). This class of steel contains 20 to 25 or 30 to 35 per 
dent, of nickel and 0*3 to 0*5 per cent, of carbon, and on slow cooling 
retains an austenitic or martensitic structure and is therefore too hard for 
machining. 

Those steels containmg up to 5 per cent, of nickel are much superior to 

* A further important factor is the amoimt of “ scrap ” produced in the two cases. 
In a record of drop forging steels extending over a period of 12 months, the total 
rejections on medium carbon steel billets and drop forgings was about 30 per cent., while 
for the corresponding period that on 3 per cent, nickel steel was about 0*5 per cent. The 
former percentage is admittedly unduly great, but after making allowance for this the 
difference is considerable, and neutralises the difference in first cost in the two cases. 
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carbon steels and their adoption should be more general. Even with only low 
percentages of nickel (1 or 2 per cent.) the improvement of the steel is con- 
siderable, particularly in regard to the dynamic strength and consistency of 
results. 

Seams and Laminations. — ^The principal defects in nickel steel are 
seams and laminations which are due to difficulties in manufacture. There is 
a strong tendency for piping and segregation to take place, and unless a large 
portion (containing these faults) of the original ingot has been cut away the 
effect of subsequent rolling is to develop a laminated or banded structure. 
An example of this is shown by the micrograph Fig. 103, Chapter IX, which 
represents a piece of 4 per cent, nickel steel. Billets of this steel intended for 
stamping purposes will often sho^v surface cracks or roaks, which if not 
machined away will open out during the forging operation and spoil, the part 
machined. The steel should, if possible, be rough machined before rolling 
to final size, when this trouble will disappear. 

Forging and Machining Properties. — Those steels with less than 
5 per cent, nickel and 0*5 per cent, carbon can be forged with almost the same 
ease as carbon steels of approximately the same carbon content. The higher 
nickel values from, say, 4 to 7 per cent, increase the toughness of the metal 
and render the forging a little more difficult, but as a rule those parts vrhich 
can be made from a medium carbon steel of 0 5 per cent, carbon can also be 
made from these steels. 

Nickel steel has an advantage over carbon steel in that there is not the 
same tendency to form a coarse crystalline structure and therefore, provided 
the billet material is in a fairly good condition, the forgings and stampings will 
not be influenced to the same extent by high finishing temperatures and will, 
as a rule, be in much better condition than carbon steel stampings. This is a 
most important feature of this steel and will outweigh many disadvantages 
such as initial cost of material, etc. 

The machining properties of nickel steel are good, in fact it is the best of 
the alloy steels in this respect. 

Presence of Chromium. — ^Many nickel steels contain small percentages 
(up to 0*2 per cent.) of chromium. This element in such small amounts does 
not interfere appreciably with the behaviour and treatment of the steel ; it 
has, if anythmg, a beneficial effect in so far that it tends to increase the 
hardness without reducing the ductility. 

This chromium is probably introduced through the use of steel scrap, 
which may often contain nickel chrome steel. 

Influence of Nickel. — ^The influence of nickel on the tensile strength 
and ductility of a steel (in the annealed state) containing about 0*25 per 
6ent. of carbon is shown in Fig. 161. This curve shows that the tensile 
strength is increased by 2 to 2 i tons per square inch for each 1 per cent, 
addition of nickel up to about 5 per cent. The dynamic strength in the 
annealed state is a maximum with a nickel content of about 2 per cent. 

With increasing percentages of carbon the influence of nickel grows 
stronger. 

This influence on the strength and ductility is mainly due to the fact that 
nickel dissolves in the iron forming a solid solution. In this respect it is quite 
different to chromium or manganese, which associate with the carbide (or 
cementite) and increases the hardness of the steel. 
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Although the addition of nickel improves the quahties of steel in the 
annealed or normalised state, the use of such steel in this soft condition does 
not always justify the increased expense over carbon steel. The full value of 
the nickel addition is only secured by heat treating the steel, because then the 
qualities of the steel are developed to their greatest extent. For this reason 
a nickel steel should be selected for a given purpose with the intention of 
obtaining the desired mechanical strength by proper heat treatment. At the 
same time, however, a nickel steel may, with advantage in production costs, 
often be used in place of a carbon steel, even though the material cost is higher. 
This is a point which should not be lost sight of when dealing with parts 
which must have a tensile strength in the region of 30 to 50 tons per square 
inch. Then the lengthy and sometimes risky heat treatment required for the 
carbon steel can be superseded by a simple normalising treatment. 



Fig. 161. — Effect of Nickel on the Tensile Strength and Ductility of 0*25 per cent. Carbon 
Steel. Nickel increases the former without seriously influencing the latter. 

\Mien the steel is fuUy heat treated it is even advantageous to use it in- 
stead of carbon steel, especially for parts having only a small working margin 
or factor of safety. Strength for strength a nickel steel requires less carbon, 
and with the reduction of this embrittling element the heat treatment is a 
much safer operation and the development of cracks and flaws is made almost 
impossible since most of the quenching can be done in oil instead of water. 
Further, the effects of prolonged heating or of overheating are not so serious 
as with carbon steels, and because of this, fine-grained structures are more 
easily obtained. This, in fact, is the greatest feature of nickel steels, and 
advantage should always be taken of it when dealing with difficult and intricate 
parts. 

Again, the use of oil-quenching methods means that the distortion of the 
parts is reduced to a minimum. 

CldSsificEtion. — ^Nickel steels intended for case-hardening purposes 
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are dealt ^dth in Chapter XIII. Those which are simply heat treated can be 
classified into three groups as follows : — 


Group. 

Nickel Content. 

Carbon Content. 

I* 1 

i 

1 to 4 per cent. 

/ 0*20 to 0 35 per cent. 

1 0*35 „ 0-5 

II. j 

5 „ 6 

0*3 „ 0*4 

III. 

20 ,, 35 ,, 

6 

6 


Of these the first group is the one mostly used, particularly the 3 per cent, 
nickel steel with 0*3 per cent, carbon. The higher nickel steels of Group II. 
are not used much, while those of Group III. have only certain very limited 
applications. 

Nickel Steels Group 1 . — ^The compositions of some of the more common 
1 to 4 per cent, nickel steels are shown by the following typical analyses : — 



50-ton 
Nickel Steel. 

Aero-engine 

Crankshaft. 

Inlet Valves 
for Car 
Engine. 

Armour Plate 
to resist Eifle 
Eire. 

Gun Steel. 

Carbon . . 

Per cent. 
0*20 

Per cent. 
0*31 

Per cent. 

0-30 

Per cent. 
0-31 

Per cent. 
0*40 

Nickel 

3-59 

3*61 

3*10 

4:06 

3*81 

Manganese 

0-69 

0*68 

0-50 

0*99 

0*56 

Sulphur . . 

i 0013 

0*022 j 

1 0 038 

0*046 

0*020 

Phosphorus 

! 0 007 

0 029 1 

1 0 032 

0*021 

0*029 

Silicon 

0*18 

0-12 j 

i 0*12 

0-14 

0*26 

Chromium 

1 Nil 

Nil 

Nil 

Nil 

Nil 


Specifications for some of the most useful steels are given below : — 


I Per Cent Nickel Steel (Medium Carbon) 


Carbon 

Chemical Composition 

0*30 to 0*35 per cent. 

Nickel 

0*9 „ 1*5 

Manganese 

0*7 „ 1*0 

Sulphur 

. . Not over 0*05 „ 

Phosphorus 

0*05 

Silicon 

. , . . . . ,, 0*30 ,, 


Mechanical Tests 



Normalised. 

Heat Treated. 

Yield, tons per square inch 

18 to 22 

32 to 37 

Ultimate „ „ ,, 

35 „ 39 

42 „ 48 

Elongation per cent. . . , 

40 „ 30 

40 „ 30 

Reduction of area per cent. 

65 „ 55 

66 „ 55 

Impact (Izod), ft. -lbs. .. 

40 „ 30 

70 „ 60 
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2 Per Cent. Nickel Steel (Medium Carbon) 


Carbon 

Nickel 

Manganese 

Sulphur . . 

Phosphorus 

Silicon 


CHEMicAii Composition 


0*25 to 0’35 per cent. 
1-75 „ 2-50 
0*60 „ 0-90 
Not over 0*05 ,, 

„ 005 

„ 0-30 


Mechanical Tests 


Normalised. Heat Treated. 


Yield, tons per square inch 
Ultimate, ,, ,, ,, 

Elongation per cent. . . 
Reduction of area per cent. 
Impact (Izod), ft. -lbs. 


20 to 25 I 35 to 40 

35 „ 40 I 46 „ 50 

45 „ 35 I 45 „ 35 

65 55 65 ,, 55 

40 „ 30 I so „ 60 

.i 


2 ^ Per Cent. Nickel Steel (Low Carbon) 


Carbon 

Nickel 

Manganese 

Sulphur . . 

Phosphorus 

Silicon 


Chemical Composition 


0'20 to 0-30 
2 0 „ 3 0 

0*4 „ 0*85 
Not over 0*05 


0-05 

0*30 


per cent. 


>> 


Mechanical Tests 


Normalised. Heat Treated. 


Yield, tons per square inch 
Ultimate, ,, ,, ,, 

Elongation per cent. 
Reduction of area per cent. 
Impact (Izod), ft. -lbs. 


18 to 22 27 to 33 
32 „ 37 38 „ 46 
35 „ 25 40 30 
55 „ 45 60 „ 50 
40 „ 30 70 „ 50 


3 Per Cent. Nickel Steel (Medium Carbon) 

Chemical Composition 


Carbon 

Nickel 

Manganese 

Sulphur . . 

Phosphorus 

Silicon 


0-25 to 0*35 
2-7 „ 3-50 
0'3 „ 0*75 
Not over 0’04 
„ 0 04 

„ 0*25 


per cent 


tf 
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MECHANICATi TeSTS 


Normalised. 


Heat Treated. 


Yield, tons per square inch . . . . . . 20 to 25 

Ultimate, ,, „ „ 38 „ 44 

Elongation per cent. . . . . . . . . 30 „ 20 

Reduction of area per cent. . , . . . . 50 „ 40 

Impact (Izod), ft. -lbs. . . . . . . . . 35 „ 45 


43 to 50 
50 „ 60 
25 „ 20 
65 „ 55 
80 „ 60 


3i Per Cent. Nickel Steel (Medium Carbon) 


Carbon 

Nickel 

^langanese 

Sulphur . . 

Phosphorus 

Silicon 


Chemical Composition 


0-3 to 0*4 
3 0 „ 40 

0-3 „ 0-65 

Not over 0*04 
„ 0*04 

„ 0 25 


per cent. 
»> 
ff 
f9 
99 
99 


Mechanical Tests 


Normalised. 

Heat Treated. 

Yield, tons per square inch 
Ultimate, ,, ,, ,, 

Elongation per cent. 

Reduction of area per cent. 

Impact (Izod), ft. -lbs. 


•• 

25 to 30 

42 „ 50 

25 „ 18 

50 „ 40 

35 „ 25 

45 to 55 

55 „ 65 

25 „ 15 

65 „ 55 

80 „ 60 


Heat Treatment. — Compared with plain carbon steel the heat treat- 
ment of nickel steel is simpler and does not require the same care and accuracy. 
This steel is much less affected by prolonged heating or by heating to high 
temperatures. This is due to the slowness with which crystal grain growth 
takes place. 

The slowness in the growth of the ciystal grains also applies to the rate of 
diffusion or equalisation of the constituents, necessitating longer periods of 
heating or higher temperatures to secure uniformity in the steel. Thus in the 
case of forgings or stampings which have suffered on account of very pro- 
longed heating or have been finished at too low temperatures it will be neces- 
sary to normalise or anneal them at temperatures much in excess of the critical 
range in order to accelerate the diffusion of the constituents. Thus, because of 
this sluggishness in diffusion in nickel steel, the heat treatment temperatures 
are usually considerably above the upper critical range, instead of only 20° 
to 30° C. as in the case of carbon steels. Fortunately the critical ranges of 
nickel steel are much lower than the corresponding carbon steels, and these 
working temperatures are really not much higher than those for carbon steels, 
and the tendency to warp and crack, always associated with high quenching 
temperatures, is therefore not more serious. Further, the use of the higher 
quenching temperatures is made safer by reason of the important fact that 



MATERIALS & DESIGN 


272 

qdSkching in oil generally gives the desired results, and the risky and drastic 
quenching in water is eliminated. 

The upper critical ranges for the steels in general use are tabulated below. 
The temperatures given are very approximate and it should be clearly understood 
that considerable variations will be found between different batches of steel. 

The lower critical ranges are also tabulated and the figures given are subject 
to the reservation just quoted. 


Upper CRincAii Points op Nickel Steels 
1 to 4 per cent. Nickel, 0*2 to 0*5 per cent. Carbon 
(Approximate only.) 


Carbon 

Ac3 Range. Temperature, Cent. 









per cent. 

Nickel 

Nickel 

Nickel 

Nickel 


Nickel i 

Nickel 

Nickel 


1 per cent. 

1*5 per cent. 2 per cent. 

2*5 per cent. 

3 per cent. 3*5 per cent. 

4 per cent. 

0*20 

797 

1 

792 

j 787 

782 


777 

772 

767 

0-26 

784 

1 779 

j 774 

769 


764 

759 

754 

0*30 

770 

765 

I 760 

755 


760 

745 

739 

0*35 

764 

759 

754 

749 


744 

738 

733 

0 40 

758 

753 

748 

743 

i 

738 

732 

726 

0-45 

762 

747 

742 

737 

i 

732 

726 

718 

OCO 

746 

741 

: 736 

731 

1 

i 

726 

719 

710 


Lower Critical Points op Nickel Steels, 





Same composition as above. 





Nickel per cent. 

Heating. Acl. Degs. C. 


Cooling. Arl. 

Degs. C. 



1*0 


716 



670 




1*5 


710 



660 




2*0 


704 



649 




2*6 


699 



638 




3*0 


693 



627 




3*5 


688 



616 




4*0 


682 



604 




Owing to the wide range of critical temperatures nickel steels cover, the 
heat-treatment temperatures are not given, but the following general rules will 
enable the reader to arrive at the approximate figures. 

For annealing and normalising a safe working temperature can be obtained 
by simply adding 100° C. to the Ac3 temperature of the steel. Should the 
material be in a very poor condition, i.e. due to high foiging or stamping 
temperatur^, etc., then two heats may be necessary, one at about 150° C. above 
the Ac3 point and the other at about 70° C. The soaking time for pieces 
1 to 2 inches thickness of cross section should be about one hour or longer. 

For hardening (previous to toughening or tempering) the poor material 
should be normalised first so that the structure is fairly miiform before this 
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important treatment is commenced. The temperature then should be about 
80 to 100® C. above the Ac3 range, and those steels containing 21 per cent, or 
more nickel with 0*25 per cent, or more carbon should be quenched in oil. 
Those steels containing less may be quenched in water. 

The tempering and toughening temperatures depend on the require- 
ments and will have to be determined by trial or from a curve similar 
to that shown in Fig. 162. Usually the steel is toughened to obtain the 
maximum dynamic strength, and the toughening temperature is about 600® C. 



O fOO 200 3CC ^ <00 SCO 60C 700 

Fig. 162. — Heat Treatment of 3 per cent. Nickel, 0*3 per cent. Carbon Steel. Hardened 
in oil at 830° C. and toughened at the temperatures shown, and quenched in water. 

t 

The steel, after heating to the toughening temperature, should be quenched 
in oil or water. 

For gears, however, the hardened steel should only be tempered at a 
temperature of about 150° to 180° C. to relieve the hardening stresses, etc. 

As examples the usual forms of heat treatment for a typical nickel steel 
are quoted below. The steel contains 3 per cent, of nickel and 0*3 per cent, of 
carbon, and is one in common use. 

Annealing. — ^Heat to 850® C., soak 45 to 60 minutes, cool in furnace or in 
boxes. 

T 
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This treatment reduces the steel to its softest state for machining, removes 
aU forging stresses, and refines the structure. 

Normalising.— Heat to 850° C., soak 45 to 60 minutes, cool in air. 

This treatment removes forging stresses and refines the structure. There 
is a tendency for the surface of the parts to harden, and with thin sections 
below an inch diameter this difficulty may he serious, particularly if the steel 
contains more than 0*4 per cent, carbon. In such cases it is advisable to 
allow the steel to cool in the furnace and only remove it when the red heat 



Fig. lG3.~Heat Treatment of 4 per cent. Nickel, 0*4 per cent. Carbon Steel. Hardened 
in oil at 820® C and' toughened at the temperatures shown, and quenched in water. 


has disappeared (about 550° C.). Commercially, full annealing should only be 
resorted to when machining becomes difficult. 

Hardening (and Toughening).— Heat to 830° C., soak 45 to 60 
minutes, quench in oil. Reheat to 600° C., soak 30 to 45 minutes, quench in 
oil or water. 

The first heat hardens the steel and it is then in its weakest state dynami- 
cally, but the second heat reduces the hardness and produces a tough material 
which is exceedingly good as regards dynamic strength. The effect of this 
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second heat is demonstrated by Fig. 162, which is a curve * showing the results 
obtained by reheating oil-hardened bars IJ inches diameter at different 
temperatures. The tremendous increase in the impact strength will be noted, 
and also the improvement in the ductihty as shown by the elongation and 
reduction of area. The tensile strength, of course, falls, but at 600"^ C, it is 
still very high and this, combined with the high ductility and d3mamic strength, 
makes the steel a valuable one. 

A simUar cur^^e is shown in Fig. 163 for a steel containing 4 per cent, nickel 
and 0*4 per cent, of carbon. 



Fig. 164. — Heat Treatment of 4*87 per cent. Nickel, 0*36 per cent. Carbon Steel. 

Hardened in oil at 820° C. and toughened at the temperatures shown, and quenched 
' in oil. 


Applications. — ^The steels in this range are used for parts such as the 
following : 

Axles generally. 

Crankshafts for car and aero engine^. 

Gears. 

Inlet valves for internal combustion engines. 

♦ Taken from leaflet, “ Nickel Steel,” published by Messrs. Brown Bayley’s Steel 
Works, Ltd., Sheffield. 
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Nickel Steels, Group IL— Those steels containing about 5 to 6 per 
cent, of nickel are not often used, it being more usual to employ a nickel chrome 
steel for the higher strengths. Steels containing 5 and 6 per cent, of nickel are 
in common use as case-hardening steels, and as such are described in the next 
chapter. 

The properties of a steel * containing 4*87 per cent, of nickel and 0*36 per 
cent, of carbon are shown in Fig. 164. 

Such a steel requires careful treatment, but is simpler than nickel chrome 
steel and offers less risk of cracking during hardening where intricate parts are 
concerned. 

Nickel Steels, Group III. — ^The compopition of the very high nickel 
steels (20 to 35 pei cent, nickel) is generally one or other of the following 

I. II. 

Carbon . . . . 0*3 to 0*45 per cent. 0 3 to 0*4 per cent. 

Nickel 24 „ 28 „ „ 30 „ 35 „ „ 

These steels cannot be heat treated like other steels, and even with slow 
cooling remain austenitic in character. It is possible, however, to anneal 
them shghtly by heating up to 780^^ C. and cooling in air, when they can be 
machined with more success. 

In the natural state they give the following test results : — 


I. II. 

Yield, tons per square inch . . 20 22 

Ultimate tensile „ • . 40 43 

Elongation per cent. (2 inches) . . 35 40 

Reduction of area per cent. . . 50 55 


The high nickel content does not, as will be seen, confer extreme strength 
on the steels, which in fact are no better than a 5 per cent, nickel steel, but they 
are very dense and resist shocks exceedingly well. They are also very inert 
chemically and resist corrosion, while, compared with most other metals, they 
have a low coefficient of expansion. They are also non-magnetic. 

For these reasons a high nickel steel is used for gas-engine valves arid 
sometimes for boiler tubes and other similar purposes where corrosion is of 
consequence. It has also found nn apphcation in spindles for magnetos because 
of its non-magnetic qualities. 


Chromium Steel 

Chromium steel has only a small field of usefulness compared with nickel 
and nickel chrome steels. Its greatest use is in connection with armour- 
piercing shells and with high carbon steels for tools requiring a keen cutting 
edge. As an addition to case-hardening steels it is valuable because of the 
extreme hardness it corifers upon the case, but in so far as the core is concerned 
no great improvement is obtained. With higher carbon steels (0*3 to 0*5 per 
cent, carbon) good hard surfaces are obtained which are valuable in the case 
of gears, cmshers, cold rolls, drawing dies, etc., where wearing qualities are 
important. 

Thus the great qualities secured by the addition of chromium are hardness 

♦ Taken from leaflet, “Nickel Steel,” published by Messrs. Brown Bavlev’s Steel 
Works, Ltd.. Sheffield. 
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and resistance to abrasion (or wear). Chromium should not be added if only 
tensile strength is required. 

Forging and Machining Properties. — ^The low chromium (less than 
0*5 per cent.), low carbon (less than 0*3 per cent.) steels do not offer any special 
difficulties in forging or stamping, but the higher chrome steels require very 
careful working and must be heated to at least 1,050° to 1,100° C. and forged 
with heavy or powerful blows. 

The machining properties are good with the low carbon steel (0*25 per 
cent.), but as the carbon content increases or the chromium is increased the 
material becomes difficult to machine efficiently. 

Influence of Chromium. — Chromium differs from nickel in its influence 
on steel in so far that it mainly associates with the carbon, forming double 
carbides which, although extremely hard, are not so brittle as the iron 
carbide alone (cementite). Nickel, on the other hand, associates with the iron 
(ferrite) only, and simply affects its tensile and dynamic strengths. 

Thus the addition of chromium does not raise the tensile strength greatly, 
m fact with low carbon steels (0*3 per cent.) the increase is practically negligible. 
But as the carbon content is increased the influence of chromium becomes 
much more marked owing to the increasing amounts of double carbide, 
which while increasing the tensile strength, have a much greater hardening 
effect. 

The hardening effect is, of course, obtained at the expense of the dynamic 
strength, but the falling off is not so great when the hardness is due to chromium 
as when it is due to carbon alone. Chromium steel when heat treated is less 
brittle than carbon steel of the same hardness. Thus it is usually better to 
obtain the desired hardness by increasing the chromium instead of adding more 
carbon. 

Chromium steel in the annealed or normalised state is no stronger than 
plain carbon steel of the same carbon content. The full properties of the steel 
are only obtained by hardening treatments. Such treatments require greater 
care than in the case of nickel or even plain carbon steel, because of the 
tendency to develop a coarse-grained structure on prolonged heating, or at 
high temperatures. The addition of chromium raises the critical ranges Ac 
(heating) and lowers the Ar ranges (cooling). From this it is easy to infer 
that the change into austenite on heating or its decomposition on cooling 
only takes place with slowness, w^hich partly accounts for the hardness 
obtained by fairly slow cooling such as quenching in oil (or, with high 
carbon steels, in air), the steel being easily retained in the austenitic or 
the martensitic condition. With suitable treatment a very fine-grained 
structure is obtained, which gives toughness or increased tensile strength 
Without any serious loss of ductility. This fine structure is in fact an 
important characteristic of these steels. 

Chromium increases the resistance to corrosion, and for this reason is 
especially valuable in marine work and for parts such as valves for intemal 
combustion engines. 

Stainless steel, which has become so popular for table cutlery, owes its stain- 
less quahties to the presence of chromium in large amoimt. 

Chromium steels, because of their high resistance to abrasion and 
corrosion, are suitable for steam turbine blades. 

Classification. — Steels intended for case-hardening purposes are dealt 
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with in the next chapter. Those which are simply heat treated are classified 
as follows : — 


Group. 

Chromium Content. 

Carbon Content. 


I. 

0*5 to 1*0 per cent. 

0*35 to 0*5 per cent. 


II. 

0-5 „ 1*0 

; ' Over 0*6 „ 


III. 

1-0 „ 2*6 

0*25 „ 


IV. 

Over 2*5 „ 

0*20 „ 



Only the first three groups are used to any extent ; Group IV. is mainly 
associated with tool steels.* 

Chromium Steel, Group L — ^The compositions of two typical chrome 
steels belonging to this group are given herewith : — 



Small Gear Wheel. 

Valve Steel. 


per cent. 

per cent. 

Carbon 

0*37 

0*44 

Chromium 

0*56 

0*77 

Manganese 

0*40 

0*80 

Sulphur 

0*025 

0*018 

Phosphorus . . 

0*010 

0*017 

Silicon . . 

0*055 

0*43 


Heat Treatment. — Chromium steel differs from nickel steel in so far 
that its heat treatment requires much greater care and accuracy in temperature 
and heating time. It is more difficult than carbon steel to treat, but owing to 
its tendency to resist changes in constitution the quenching may be performed 
in oil, with the result that there is less risk of distortion while the desired degree 
of hardness is still obtained. 

Generally, the correct temperatures for treatment are the same as for 
plain carbon steels of the same carbon content. The addition of each OT per 
cent, of chromium raises the critical range (on heating) by about 1*5° C., which, 
however, when added to the critical ranges of carbon steel gives a temperature 
still within the usual limit of 30° C. allowed for carbon steels. These tempera- 
tures should not be exceeded, otherwise the structure will coarsen rapidly and 
low impact tests will result. This is shown by the three tests given below : — 


Chromium Steel — Cr 0*75, C 0*45 


Quenching Temperatiues, quenched in Oil 
and reheated to 425® C. 

Impact (Izod), 
ft.-lbs. 

Ultimate tensile, 
tons per sq. in. 

760° C. 

42 

91 

925° C. 

36 

93 

1,040° C. 

26 

91 


* The demand for steels suitable for valves for internal combustion engines and 
capable of withstanding high temperatures without distortion, has brought into being 
several high chromium steels, some of which contain as much as 12 or 13 per cent, 
chromium. Such steels are described on pp. 281 and 311, along with others for the same 
purpose. Reference should also be made to Chapter XIX, under “ Valves for Internal 
Combustion Engines.” 
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The soaking time will have to be regulated carefully. It should not 
exceed that required for carbon steel, i.e. about 30 minutes for each mch 
thickness of section. Longer periods coarsen the structure, having the same 
effect as high temperatures. 

Annealing and normalisiag are only necessary to produce a refined structure 
and to render the material machinable ; these treatments usually are not final, 
since no advantage is obtained by using chromium steel in the soft condition. 

The hardening and toughening operations are similar to those adopted 
for plain carbon steels, but the results obtained are, of course, very different. 
For particulars of typical treatments reference should be made to those given 
under plain carbon steels. Chapter XI. 

Mechanical Tests. — ^The addition of 1 per cent, chromium to a 
carbon steel of less than 0*5 per cent, carbon increases the tensile strength by 
15 to 20 per cent, without any change in the ductility. The following figures 
represent average results obtained with this class of steel : — 


Carbon per cent. 

Chromium 
per cent. 

Yield, tons 
per sq. in. 

Ultimate, 
tons per 
sq. in. 

Elongation 
in 2 ins. 

Reduction 
of Area. 

Impact 

(Izod), 

ft.-lbs. 

0-35 

0-5 

26 

42 

34 

60 ! 

55 

0-35 

1*0 

28 

47 

33 

60 1 

50 

0*50 

0-5 

35 

55 

28 

55 ! 

45 


The above values represent the steel in the hardened and toughened 
. condition. The increase in hardness is not shown by these tests nor is it 
shoum by the Brinell machine or scleroscope, but as soon as the material 
is machined it will be found that it is more difficult to cut than nickel or nickel 
chrome steels of the same strength. Thus it is the quality of wearing (or 
resistance to abrasion) that is conferred on the steel ; the actual tensile and 
ductility values are no better than those obtained from nickel or nickel 
chrome steels. 

Applications. — ^This group of chromium steels is employed in making 
such ])arts as small gears, worms, swivel pins, and other parts subjected to wear. 

Chromium Steels, Group II. — ^These steels all contain more than 
0*5 per cent, carbon, and in consequence the hardening qualities of the 
chromium become very marked. The principal uses of these high carbon 
0*5 to 1 per cent, chromium steels is in the manufacture of small tools such as 
chipping chisels, punches, drills, saw blades, and razors. Such parts as shears, 
clippers, cutlery, and scissors are also made from chromium steel. The special 
virtue of the steel is the keen cutting edge which can be produced. 

, The addition of manganese to the steel emphasises the hardening quahties, 
but at the same time makes the heat treatment a more delicate operation. 

In heat treatment the temperatures used should be the minimum for 
carbon steels of the same carbon content. The treatments then are those 
which should be given to good quality tool steels. 

Bullens * quotes a series of tests for a steel containing : — 

Carbon . . . . 0*70 per cent. 1 

Chromium . . . . 0*50 „ | approx 

Manganese . . . . 0*60 „ ) 


* D. K. Bullens, “ Steel and Its Heat Treatment.*’ 
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These tests for convenience are shown graphically in Eig. 165. Unfortii- 
nately no particulars are given regarding the dynamic strength, but this 
would certainly be much higher than for plain carbon steel of the same 
hardness. 

Chromium Steel, Group III. — ^Those steels containing from 1 to 2i 
per cent, chromium, with carbon ranging from 0*25 per cent, upwards, are mamly 
used for parts requiring an extremely hard surface and yet capable of with- 
standing very heavy crushing loads. For this reason, balls and ball races, 



4SO svo SSO 600 6SO 700 


Tocf^7ief7tn^ Te/n/:>er€r/ur'e Ce^t. 

Fig. 165. — -Heat Treatment of Chrome Steel (C 0-70, Cr 0 50, Mn 0*60). Hardened in 
oil at 770° C., toughened at the temperatures shown, and quenched in oil (Bullens). 

roller bearings, stone-crushing machinery, and other crushers are often made 
from this steel. 

The usual composition is about I’O per cent, carbon with 1*5 to 2*0 per 
cent, chromium, Avhen the maximum of hardness is obtained consistent with 
toughness. Such a steel is capable of being forged although it will be necessary 
to heat to 1,000^ to 1,100° C., and to use powerful or veiy heavy blows in 
order to overcome the tough structure which the steel possesses even at these 
temperatures. 

Small amounts of nickel are sometimes added with the object of assisting 
in the forging and heat treatment. Thus a roller bearing taken from an 
aero engine was found to have the following composition : — 
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Carbon . . . . . . 0*96 per cent. 

Chromium .. .. ..1*81 ,, 

Nickel 0*32 

Manganese . . . . . . 0*35 „ 

Sulphur . . . . 0*039 ,, 

Phosphorus . . . . 0 *043 ,, 

‘ Silicon . . . . . . 0*187 ,, 

This steel when heated to 830° C. and quenched in oil gave the requisite 
hardness and toughness. 

The preparation of these steels for machining is not so simple an operation 
as with the lower chromium steels. Such a steel as that quoted above will 
require prolonged heating for several days and then will have to be cooled at 
an exceedingly slow rate. The temperature for this anneahng operation 
should be about 810° C. The hardness in this state should then be about 
Brinell No. 179 (4*5 mm. impression). 

A more rapid method of annealing is to normalise the steel at a temperature 
of about 950° C., and then while it is cooling in the air to take it as soon as the 
red heat has disappeared and reheat at once to about 830° C. and allow it to 
cool in the furnace. 

Chromium Steel, Group IV. — ^The steels in this group are noted for their 
resistance to corrosion and abrasion,* and for this reason they are receiving 
much attention. One of the best known is the so-called “ stainless steel,” 
which is now used extensively in the manufacture of cutlery. The fact that it 
is finding applications in general engineering is sufficient to justify the study of 
its properties. 

Stainless steel usually contains from 12 to 14 per cent, of chromium and 
from 0*15 to 0*40 per cent, of carbon. A typical analysis is given below : — 


Carbon 

Chromium 

Nickel 

Manganese 

Silicon 


0*35 per cent. 
12*2 

0*46 „ 

0*16 

0*18 „ 


. The stainless properties are affected by the carbon content, and if the steel 
contains much carbon it is more apt to rust. For cutlery the percentage of 
carbon is about 0*3 or a little higher, but steels are made containing about 
0*2 per cent, of carbon, and these appear to possess the stainless property to a 
higher degree. 

The tensile strength (or hardness) depends on the percentage of carbon and 
is little affected by variations in the chromium content. 

The forging qualities of stainless steel are fairly good, but it is necessary 
to work at higher temperatures than with other alloy steels. The working 
range is 950° C. to 1^100° C., and on no account should the steel be worked at 
temperatures below 850° C. because of the risk of “cold working.” The 
higher carbon steels (0*25 to 0*40) are more difficult to work than those con- 
taining 0*1 to 0*2 per cent, of carbon. The latter can be rolled or drawn with 
comparative ease and, under the name of “ stainless iron,” are now on the 
market in the form of sheet, strip, and wire. 

* “ Chromium Steels and Iron,” Aitchison, Proc. I.A,E., Nov. 1921. “ Some 

Engineering Uses of Stainless Steel,” Engineering, Oct. 28th, 1921. “ Stainless Steel,” 

Automobile Engineer, Nov. 1921. “ Turbine Blading, Industry, Oct. 28th, 1921. 
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The heat treatment of this steel offers no special difficulty, in fact it can be 
handled in the same manner as an air-hardening steel, except that higher 
temperatures are required. Forgings should be normalised by heating them to 
a temperature of 960° C., soaking for 30 mins., and cooling in air. In this state 

Heat Treatment of Stainless Steel and Iron. — Mechanical Properties 




Heat Treatment. 

Mechanical Properties. 

Composition. 

Hardening, 

°G. 

Toughen- 

ing, 

1 

! Yield, 
itons/sq. in. 

Ultimate, 
tons/sq. in. 

1 

Elonga- 1 
tion per j 
cent. 

Eeduction 
of area 
[ per cent. 

Impact 

(Izod), 

ft.-lbs. 





66-8 

73-2 

13-5 

41-9 

28 




200 

68-4 

730 

120 

37-8 

33 

Carbon 

007 


300 

68-8 

72-4 

12-5 

1 36-4 

39 

Chromium 

11-7 1 

930° C. 

400 i 

68-8 

72-3 

15-5 I 

1 510 

39 

Nickel 

0*57 : 

Oil 

500 

58*8 

72-4 

18-0 i 

52-2 

36 

Manganese 

012 1 

quenched 

600 

380 

491 

200 

59-3 

28 

Silicon 

0-08 i 


700 

30*6 

40-4 

26'5 1 

65*8 

79 


1 


750 

27*9 

36-7 

310 

68-8 

87 




800 

33-6 

53-6 

13-5 1 

1 

44*6 

51 

Carbcn 

0 07 j 



68-8 

69-6 

18-5 

51*0 

12 

Chromium 

13-3 

930° C. 

500 

56-4 

68-0 

21-5 i 

61-5 

12 

Nickel 

0-40 ' 

Oil 

600 

35-2 

45-6 

25-5 j 

71-8 

92 

Manganese 

0-29 j 

quenched 

760 

36-6 

38*6 

34 0 ; 

68*8 

110 

Silicon 

0-32 : 







Carbon 

015 


600 


89'5 

100 j 

360 

16 

Chromium 

11-8 I 

930° C. 

600 

420 

56-4 

200 

52-2 

35 

Nickel 

0-77 , 

Oil 

700 

380 

46-8 

26 0 ; 

58T 

60 

IManganese 

01(3 

quenched 

750 

31-2 

i 43-9 

28-0 I 

1 61-5 

68 

Silicon 

0-09 







Carbon 

0-37 








Chromium 

120 

900° C. 

500 

— * 

1050 

8-6 

j 240 

8 

Nickel 

0-55 

Oil 

600 

571 

64-1 

14-8 

! 41-8 . 

15 

Manganese 

015 

quenched 

700 

471 

54-0 

210 

1 52-2 ' 

30 

Silicon 

019 







Carbon 

101 








Chromium 

11-8 

900° C. 

650 

461 

59-6 

19-0 

40-6 

12 

Nickel 

— 

Air 

700 

44-4 

63-2 

210 

55-9 

20 

Manganese 

0-28 

cooled 

750 . 

36*8 

500 

24-0 

47-2 

23 

Silicon 

0-06 



1 






they are too hard for machining and it is necessary to reheat them to a tempera- 
ture of 750° C. 

Owing to the high percentage of chromium the critical range is much higher 
than that of carbon steels and, because of this, the hardening temperature is 
high. The usual temperature for air hardening is 950° C., but if oil quenching 
is resorted to, the hardening temperature may 920° C. 
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After hardening the steel should be reheated {i,e. tempered or toughened) 
in the same manner as other steels in order to obtain the requisite mechanical 
properties. 

The table on p. 282 gives the results obtained by Aitchison * by heat treating 
a number of stainless steels and irons containing dfifferent percentages of carbon. 
In the hardened state this steel possesses a tensile strength of about 100 tons 
per sq. in., but by reheating, tensile strengths as low as 40 tons can be obtained. 
Thus, the range of results is much greater than those obtained from other 
alloy steels. 

The resistance to corrosion to some extent is controlled by the smoothness 
of the surface and the absence of strained portions. If the steel has been 
finely machined so that the tearing (or distortion) of the surface is only slight 
there will be little risk of it rusting, but heavy cuts or scratches are likely to be 
the cause of rusting because of the stressed condition that exists at these 
points. To obtain the maximum resistance to corrosion the steel should be 
polished, but not necessarily to the same degree as electro-plate, etc. 

The properties of other chromium steels are described at the end of this 
chapter under “ the effects of high temperatures on the strength of steel.” 
The reader is advised also to consult the papers referred to in the footnotes. 


Nickel Chrome Steel 

Nickel chrome steels are without doubt the best of the alloy steels. 
Nickel steels are noted for their high tenacity and ductility together with 
high d3niamic strength, while chromium steels are valuable for their hardness 
and good wearing qualities together with a fair dynamic strength. Other 
alloy steels such as vanadium or chrome vanadium have not yet come into 
great prominence, and although the latter steel is very similar to nickel 
chrome, it cannot be regarded as superior. The combination of nickel and 
chromium in one steel gives to it both the quahties of toughness and hardness 
associated with these metals respectively and yet appears to eliminate the 
disadvantages each possess. Thus such a steel will serve a wider range of uses 
than either of the plain nickel or chromium steels. 

Dynamic Strength. — -These steels are remarkableior the wide range of 
strengths that can be obtained wdth heat treatment, and a study of the tensile 
results obtained from series of test bars differently heat treated would at first 
lead to the belief that a steel of one composition only would answer the require- 
ments of several specifications differing perhaps as much as 50 to 60 tons per 
square inch. Thus Fig. 166 shows the variation in the tensile strength that 
pan be obtained with a steel containing 0*36 per cent, carbon, 1*10 per cent, 
nickel, and 0*92 per cent, chromium after hardening and then tempering or 
toughening at different temperatures. 

But, as will be seen, the dynamic strength as represented by the impact 
curve does not vary in the same consistent manner that the static strength 
does ; there is a region in which it falls off to a very dangerous value. More- 
over, this region, even where the tensile strength is concerned, is not so satis- 
factory owing to the sensitiveness of the steel to variations in the treatment 
temperature. 


* “ Chromium Steels and Iron,” by Leslie Aitchison, D.Met., B.Sc., A.I.E. 
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It is important, therefore, that the selection of a nickel chrome steel should 
be made with regard to its heat treatment quite as much as w ith reference to the 
actual requirements for strength, etc. Unless this is done, and a steel is used 
which, giving the correct tensile strength after heat treatment, requires treating 
at a temperature where the impact values obtained are low, the result wiU be 
disaster which will be difficult to account [for. Yet the same steel when 
toughened to give a lower tensile strength, or even one which is higher, 
will behave well and will possess a high dynamic strength. This is simply 



Toa^nefiin^ 

Fig. 166. — Effect of varying the Heat Treatment of a Nickel Chrome Steel. Note the 
wide range of results obtainable but at the same time the very variable impact 
test results, especially over the range 300° C. to 350° C. 

due to the relation between the dynamic strength and the temperatures used 
in reheating the steel after hardening, a relationship which must be watched 
in each particular group of nickel chrome steels. 

Referring again to Fig. 166, it will be seen that this particular steel in the 
fuUy hardened state (f.c. not tempered) has a tensile strength of 117 tons and 
impact value of 10 ft.-lbs. When tempered at 200° C. the tensile strength 
is increased by 2 tons while the impact value is raised to a maximum for this 
region. In such a condition the steel is eminently suitable for the clash gears 
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in a gear box of an automobile. Further heating, however, reduces the 
impact value considerably, and in fact the steel is worse d 3 mamically than 
when fully hardened. Thus although the tensile curve indicates that 
the steel would meet a specification calling for, say, 90 to 110 tons, the dynamic 
strength might be exceedmgly poor and in some instances so low that only 
2 ft.-lbs. would be required to break a test specimen. The region from 250° C. 
to 400° C. may be regarded as unsafe on this account. At a toughening 
temperature of 400° C., however, the dynamic strength commences to improve 
rapidly, and at about 500° C. the st^l is in a safe region and can be used 
to meet any requirements coming within the limits obtained by heat treatment. 

A safe rule in selecting a nickel chrome steel is to choose one which will 
give the required strength when toughened (after hardening, of course) at a 
temperature below 250° C. or else above 500° C. Any steel which requires 
toughening at temperatures between 250° C. and 500° C. to give the desired 
results should not be employed. 

Quenching after Toughening. — In connection with this peculiar 
variation in the dynamic strength, it is very important to quench the steel 
after heating for toughening. The maximum impact value is then obtained. 
In this respect nickel chrome steel differs from plain carbon steel, which should 
be cooled slowly from the toughening heat to secure the best results. 

If the toughening temperature is above 500° C. and the steel is allowed 
to cool slowly the impact value may be low, due to the slow cooling through 
the danger region. Quenching in off or water ehminates this difficulty. 

The limits of this danger zone and the falling off in the d 3 mamic strength 
are found to vary with each particular group of steels, and also in different 
casts of the same composition. In no case, however, have the authors found 
a steel in which this erratic behaviour * is entirely absent, and it should 
therefore be always guarded against by applying the rule mentioned above. 
This same effect is found in other alloy steels such as nickel and chrome vanadium 
steels, but in lesser degree. ' 

Seams and Laminations. — Seams and laminations are found in nickel 
chrome steel just as m the case of nickel steel, but not to the same extent. 
When due care has been taken in the manufacture of the steel and a good 
portion of the upper part of the original ingot has been cut away, piping 
troubles are eliminated and the rolled metal possesses "a uniform structure 
without much banding or other troubles of a laminated character. It is good 
practice to have the bfilets rough machined before rolling, as this ehminates 
surface defects which “ open out ’’ during forging and drop stamping. In 
this respect these steels give more trouble than nickel steels. 

Forging Properties. — The addition of chromium reduces the plastic 
quahties of the steel and in consequence the forging and drop stamping 

* This peculiarity m alloy steels is known under the name of “ Krupp Krankheit,’’ 
or, more commonly, “ temper brittleness.** So far no adequate explanation has been 
foimd for the phenomenon, but it is quite evident that it has an important bearing on 
the use of these steels for parts subjected to severe shocks or continuous vibration. 
The dynamic strength (as measured by the impact test) is the only property affected 
and for this reason the ordinary run of tests such as ultimate tensile stress, yield point, 
elongation and reduction per cent, do not give the slightest indication of a defect which 
might lead to extremely disastrous results in practice. It is essential that quenching 

should always follow tempering and that the rme specified for selecting a steel should be 
observed. 
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operations are more difficult than with carbon or nickel steels. This difficulty 
increases rapidly with increase in chromium and also in a lesser degree vnth. 
increase in nickel. Greater care in preheating must be taken and, in fact, it 
is necessary with some steels to preheat them in one furnace up to 600° C. 
and then to transfer to the second furnace for the forging heat. The rate of 
heating should" be slow and uniform, while the actual forging heat should not 
exceed 1,100° C. in most cases. 

The sensitiveness of these steels to bad treatment during forging, etc., not 
only grows with the chromium content but appears to be dependent to some 
extent on the ratio of nickel to chromium in the steel. Thus with three 
steels having approximately the following compositions the third steel was the 
most difficult to handle, and stampings made from it very often developed 


cracks while cooling. 

Steel No. 1. 
Per cent. 

Steel No. 2. 
Per cent. 

Steel No. 3. 
Per cent. 

Carbon . . 

.. 0*35 

0-35 

0-35 

Nickel 

.. 1*0 

2*0 

3 0 

Chromium 

.. 1-0 

1-0 

1-0 


This particular steel (No. 3) had a nickel to chrome ratio of 3 to 1, and 
although a splendid steel in many other respects it v as not so suitable for 
stamping as No. 2 steel, having a ratio of 2 to 1, while No. 1 steel, having a 
ratio of 1 to 1, although much better than No. 3, u as not so good as No. 2. 
The chromium, it should be noticed, is 1 per cent, in each case. 

When the chromium is raised to 1*5 per cent, and above, the stamping of 
intricate parts is exceedingly difficult and the wear on the dies is very great. 
Thus a 4*5 per cent, nickel, 1*5 per cent, chromium, 0*35 per cent, carbon steel 
can only be used for comparatively simple shaped parts. 

The cooling after stamping requires just as much care as the preheating 
and heating for stamping. The presence of chromium, particularly when it 
amounts to 1 per cent, and above, tends to cause the steel to self -harden, and 
careless coohng on the floor in the presence of draughts will soon cause cracks 
to develop. This is very pronounced when the steel also contains 3 per cent, 
of nickel and above. The stampings or forgings should be placed on ashes and 
protected with metal shields from draughts. The subsequent normalising 
operation should then follow as soon as possible owing to the tendency for 
cracks to develop on standing. 

The tendency of most drop stampers (who have in the past handled carbon 
steels only) is to overheat these steels to increase their plasticity, with the 
result that a coarse-grained structure is very often produced. Prolonged 
heat treatment is then required to restore the steel to a good state, which 
means that it is cheaper to control the forging temperature and, if necessary, 
to reheat more than once to complete the stamping. 

Machining Properties.— The machining properties of these steels 
depend, of course, on the composition and on the heat treatment given. It 
should be made a general rule that all stampings and forgings be normalised 
before machining in order to eliminate hard spots, which are common in the 
raw stampings. In the low chromium steels containing less than 1 per cent, 
chromium and 2 per cent, nickel the machining is then fairly efficient. But 
with steels containing 1 per cent, chromium or more, and above 2 per cent, 
nickel, with 0*3 to 0*4 per cent, carbon, the ordinary normalising operation does 
not put the steel into a good machinable condition. There will be found hard 
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patches which will make such operations as milling, profiling, and gear cutting 
difficult and inefficient both as to time and wear of cutters. For these hteels, 
and in fact for all, it is advisable to reheat, after normalising, to a temperature 
of about 650° C. and then cool slowly, a treatment which puts the steel in 
almost its softest condition. All such troubles as hard spots then disappear 
and the machining operation is satisfactory. 

In the case of stampings and forgings which are to be machined after 
heat treatment, it is advisable to rough them over after normalising — ^an 
operation which is helpful in two ways : (1) because the bulk of the machining 
is done while the steel is soft, and (2) the removal of the scale and surplus 
metal (particularly the former) greatly facilitates the heat treatment, pro- 
ducing more uniform results. The deciding points as to whether a part should 
be heat treated before or after machining are as follows : — 

(1) Hardness of steel in the treated state. 

(2) Nature of machining operations. 

(3) Distortion produced by heat treatment. 

A list is given on p. 206 showing the approximate relationship between the 
hardness of steel and its cutting properties. This should be referred to and a 
decision arrived at as to what hardness is permissible under the conditions 
ruling. The tensile strength is also given, and thus the designer can decide 
whether to take the part under consideration as one to be heat treated before- 
hand (thus limiting the tensile strength) or else to be treated after machining 
(thus increasing the tensile strength). It should be remembered that the 
addition of chromium makes the steel less easy to machine, and although the 
Brinell hardness may appear low enough for machining this is not always a 
true guide. Large percentages of chromium make machining very difficult 
and, in fact, it is almost impossible to deal commercially with such steels in 
even the normalised state ; it is necessary to anneal them in the manner already 
described. 

The heat treatment of parts after machining is not advisable on account 
of the risk of distortion, but when tjiis is necessary a steel should be chosen 
which will give the required tests when quenched in oil or air. Allowance 
should, of course, be made for grinding afterwards to correct for any change 
in size or shape. 

Heat Treated Bars. — ^For many parts such as* can be made direct 
from bar material on automatic or semi-automatic machines, it is usual to 
obtain bars which have been heat treated already. For such work it is 
practicable to use material having a tensile strength up to 60 tons per square 
inch. Above this value the machining becomes difficult. The advantages of 
this practice are obvious ; the production of accurately machined parts with a 
finish unmarred by any oxidation or other blemishes due to heat treatment is 
a most important feature. 

This bar material can be obtained either in the common black rolled 
condition or, for close chucking machines, in the reeled state having an accuracy 
good enough for the collets, and a fairly good (although not bright) finish. 

The usual specification for such material is as follows ; — 

Yield, tons per square inch . . . . 45 to 50 

Ultimate, „ „ „ . . . . 55 ,, 60 

Elongation per cent. . . . . . . Not less than 16 

Reduction of area per cent. . . . . ,, „ 50 

Impact (Izod), ft. -lbs. .. .. .. „ „ 40 
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The tensile strength often exceeds 60 tons per square inch, but this should 
not be encouraged owing to the increasing difficulty in machining. To check 
such material rapidly the bars should be “ Brmelled ” and should come within 
the following range of hardness : Nos. 233 to 277 (impressions 4 to 3*65 mm.). 

Influence of Nickel and Chromium. — ^The influence of nickel and 
chromium when added alone have been described. Each confers certain good 
qualities on the steel, but these qualities are of different characters due to the 
fact that nickel affects the ferrite constituent and chromium the cementite 
(carbon) constituent of the steel. The combination, therefore, is Hkely to 
produce both classes of improvement in the steel, and as a matter of fact it 
does. Not only are the toughness and ductihty increased (due to nickel) and 
the hardness raised (due to chromium), but the disadvantages connected with 
the addition of nickel and chromium alone are to a great extent eliminated. 
Further the combination appears to intensify the good qualities given by 
each. 

Thus, while chromium makes the steel sensitive to prolonged heatiug, 
producmg a coarse and brittle structure, nickel has the opjDOsite effect and 
therefore neutralises this tendency. From this fact alone it will be clear that 
to secure the best results the proportions of the tw o alloying metals will have 
to bear a certain relation to each other. This relationship is usually referred to 
as the “ Nickel-chrome ratio,'’ and is of some importance although steels are 
made commercially having very different ratios of nickel to chromium. 

Smce the two alloying metals exert their influence independently it wiU be 
understood that while nickel lowers the critical ranges (on heating) chromium 
will tend to counteract this, since it raises the critical ranges (on heating). 
Thus while each 0*1 per cent, of nickel lowers the critical range by 1° C., 
chromium raises it by about 1*5° C. for each 0*1 per cent., and therefore a 
steel ha\dng 0*3 per cent, carbon with an Ac3 point of 790° 0. as plain carbon 
steel, is changed by 3 per cent, nickel, so that the Ac3 point is 30° C. lower, 
and stiU further changed by 1 per cent, chromium which raises the Ac3 point 
15° C., giving a final critical temperature of 775° C. approximately. Un- 
fortunately, in practice it is not possible to calculate in this manner owing 
to the influence of manganese, and also because of the influence of the 
nickel and chromium upon each other varies as their proportions change. 
Still as an approximate method such a simple calculation is sometimes 
helpful. 

The critical ranges on cboHng may also be calculated although only 
very approximately. Like chromium steels nickel chrome steels are sluggish 
over the changes from one state to another, and in consequence they are easily 
hardened in oil or air, a good martensitic or martensite-austenitic structure 
being obtained. TliLs, of course, means that distortioiial troubles and cracks 
are avoided to a great extent. 

The tendency of both metals to give a fine-grained structure with heat 
treatment is very pronounced in these steels, and in many cases it is almost 
impossible to detect the grains even at 800 to 1000 magnifications. This 
characteristic accounts for the high dynamic strength of these steels. At the 
same time the good w^earing properties due to the presence of the double 
carbide of chromium and iron (and manganese if in sufficient quantity) are 
retained. Thus a steel which has the highest combination of strength, ductility, 
dynamic strength, and wearing properties is obtained. 
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Ratio of Nickel to Chromium. — Bearing in mind the different be- 
haviour of nickel and chromium when added to steel, it will be readily under- 
stood that the presence of varying quantities of each will give the steel 
characteristics that will vary in the same manner. Thus the addition of 
chromium in increasing quantities will increase the mineralogical hardness of 
the steel and also make it more sensitive to prolonged heating. Increasing the 
nickel wiU improve the strength and ductility and improve the steel from the 
heat treatment point of view. Thus considering steels of the same carbon 
content (0*30 to 0*35 per cent.), the effect of varying the ratio of nickel to 
chromium may be generalised as follows : — 

The addition of chromium to a nickel steel has the important effect of 
giving it air-hardening properties which increase rapidly in intensity as the 
chromium is raised. Nickel certainly intensifies this, and of three steels each 
containing I per cent, of chromium, that which contains 3 per cent, of nickel 
will exhibit a very strong tendency to harden in air as compared with the 
others containing 1 and 2 per cent, of nickel respectively. The latter are 
almost free from this tendency. This property of air hardening, however, 
must not be confused with intrinsic hardness. The steel containing 3 per cent, 
of nickel and 1 per cent, of chromium is no harder when suitably heat treated 
than that containing 1 per cent, of nickel and 1 per cent, of chromium. In 
fact, the latter steel has proved to be better for gears than the 3 Ni, 1 Cr 
steel, and certainly better than the 2 Ni, 1 Cr steel. 

The wearing properties of the steel appear to be proportional to the 
chromium present, but they fall off slightly with mcreasmg quantities of nickel, 
the effect of nickel being very much weaker than the hardening influence of 
chromium. Thus for wearing surfaces the chromium should be high and 
the nickel low, e.g, a steel such as that mentioned above with a 1 to 1 ratio 
should be used. 

The d 3 niamic strength is raised by both nickel and chromium, but nickel 
has the greater influence in so far that it counteracts the tendency of chromium 
to develop a coarse structure during prolonged heat treatment, especially 
during forging and drop stamping (if carried out at high temperatures), and 
for this reason the nickel content should be high for a given chromium content. 

The tensile strength is raised by both nickel and chromium, but no doubt 
to the greater extent by chromium, since the values obtauied from steels 
containing nickel in varying percentages from one to three, but with 1 per cent, 
of chromium, are almost identical after the same heat treatment, but those 
obtained with a slightly higher chromium content are at once higher. Thus 
chromium may be regarded as the deciding factor in strength, although, of 
course, nickel still controls it in some measure. 

Uniformity in heat treatment is dependent on the nickel content and the 
most consistent results are obtained with high ratio nickel to chrome steels, 
a fact which is of great importance commercially. 

Therefore, takmg all these points into account, it w^uld appear commer- 
cially that the high ratio nickel chrome steels are best for most purposes and 
that to secure good wearing qualities the chromium should be raised and the 
nickel content readjusted to secure the same ratio again. This will be clearly 
seen by studying the compositions of the steels recommended by different 
makers, and these are therefore dealt with next. 

Classification. — It would appear that nickel chrome steels could be 

u 
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classified according to the ratio of the two alloy metals. This, however, is 
not so useful as a classification based on tensile and dynamic strengths. The 
question of wearing does not fit hi with this scheme, but this is more or less 
a special quality to be dealt ivith separately. 

The steels at present used may be placed under one or other of the following 
typical compositions : — 


Class No. 

Carbon. 

Nickel. 

Chromium. 

Ni-Cr Ratio. 

1 

0*35 

1*0 

; 

0*5 i 

2 to 1 

2 

0-35 

1-2 

1-2 1 

1 1 

3 

0-34 

2 0 

1-0 

2 1 

4 

0-30 1 

30 

1*0 i 

3 „ 1 

5 

0*35 i 

3*5 

0-7 

5 „ 1 

6 

0*32 1 

3-5 

10 ; 

3-6 „ 1 

7 

0-30 1 

4*5 1 

1-5 i 

3 „ 1 

8 

0-35 

40 

1 

1*25 i 

3 „ 1 


The tensile strength increases in almost the same order as the steels 
given. The two last classes (Nos. 7 and 8) are air-hardening steels. * : ' 

These steels are more fully described below under their respective ;$lass 
numbers. 


Class No. I 


Carbon . . 

Manganese 

Nickel 

Chromium 

Sulphur . . 

Phosphorus 

Silicon 


Chemical Composition 


0*30 to 0‘40 per cent. 
0-50 „ 0-80 


0-90 „ 1-20 

0-60 „ 0-70 

Not more than 0’05 

„ „ 0-05 

„ „ 0-20 


Mechanical Tests 



! Normalised. 

Heat treated. 

Yield, tons per square inch 

35 to 40 

40 to 50 

Itimate, ,, ,, ,, 

. . 45 „ 50 

50 „ 60 

Elongation per cent. 

; 25 „ 15 

25 „ 18 

Reduction of area per cent. 

. . 55 „ 45 

60 „ 50 

Impact (Izod), ft. -lbs. 

' 20 „ 10 

45 „ 35 


Heat Treatment. 

Normalising. — 880° to 900° C., 30 minutes soaking, cool in air. 

Treatment. — (1) 850° C., 30 minutes soaking, quench in oil. 

(2) Reheat to 650° to 680° C,, soak 30 minutes, quench in oil. 

Applications. 

Crankshafts, connecting rods, axles, valve guides. 
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Carbon . . 

Manganese 

Nickel 

Chromium 

Sulphur . . 

Phosphorus 

Silicon . . 


Class No. 2 

Chemical Composition 

0 30 to 0 40 per cent. 
. . 0*30 „ 0*70 

1-10 „ 1*50 

100 „ 1-40 

Not more than 0*040 

„ „ 0*040 

„ 0*20 


Mechanical Tests 



Normalised. 

Tr .:atment I. 

Treatment II. 

Treatment III. 

Yield, tons per square inch 

40 to 50 

45 to 55 

55 to 65 

95 to 110 

Ultimate, „ ,, ,, 

45 „ 55 

55 „ 65 

60 „ 70 

105 „ 125 

Elongation per cent 

20 „ 15 

25 „ 16 

23 „ 16 

1 12 „ 8 

Reduction of area per cent. 

55 „ 45 

60 „ 50 

60 „ 50 

1 35 „ 25 

Impact (Izod), ft. -lbs. 

20 „ 10 

60 „ 40 

55 „ 35 

20 „ 8 


Heat Tbeatment 

Normalising. —830° to 850° C., 45 minutes soaking, cool in air. 

Treatment I. — 825° C., soak 30 minutes, quench in oil. Beheat to 650° C., soak 
30 minutes, quench in oil. 

Treatment II. — 825° C., soak 30 minutes, quench in oil. Beheat to 600° C., soak 
30 minutes, quench in oil. 

Treatment III. — 825° C., soak 30 minutes, quench in oil. Beheat to 220® to 250° C. 
in oil bath, soak 45 minutes, cool in air. 

A typical treatment curve for this class of steel is shown in Fig. 167. The 
test bars after normalising were machined to | inch diameter, hardened 
in oil at 825° C., and then reheated to the temperature indicated, afterwards 
being quenched in oil. 

Applications 


Bar for machining purposes (ready treated to I.), such as bolts, studs, and tie bars. 
Also connecting rods and crankshafts (Treatments I. and II.). Gears for hard wear 
(Treatment III. ). 

Cleiss No. 3 

Chemical Composition 


Carbon . . 

Manganese 

Nickel 

Chromium 

Sulphur . . 

Phosphorus 

Silicon . . 


0*28 to 0*38 per cent. 
. . 0*40 „ 0*70 

2*0 „ 2*40 

0*9 „ 1*20 

Not more than 0*04 „ 

„ „ 0*04 „ 


Mechanical Tests 



Normalised. 

Treatment I. 

Treatment II. 

Treatment III. 

Yield, tons per square inch 

40 to 50 

45 to 60 

55 to 65 

60 to 70 

Ultimate, „ ,, „ 

45 „ 55 

66 „ 60 

60 „ 70 

70 „ 80 

Elongation, per cent. 

25 „ 16 

25 „ 16 

23 „ 16 

15 „ 10 

Beduction of area, per cent. 

68 „ 60 

66 „ 66 

65 „ 65 

60 „ 50 

Impact (Izod), ft. -lbs. 

20 „ 10 

70 60 

66 „ 45 

40 „ 30 
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Heat Treatments 

Normalising. — 830° to 850° C., soak 30 minutes, cool in air. 

Trciitment I. — 825° C., soak 30 minutes, quench in oil. Reheat to 650° C., soak 30 
minutes, quench in oil. 

Treatment II. — 825° C., soak 30 minutes, quench in oil. Reheat to 600° C., soak 
30 minutes, quench in oil. 

Treatment III. — 825° C., soak 30 minutes, quench in oil. Reheat to 500° C., soak 
30 minutes, quench in oil. 



Fig. 168. — Heat Treatment of Nickel Chrome St-eel Class No. 3 (C 0‘31, Ni 2*31, Cr 1‘14, 

, Mn 0*49, S 0*03, P 0*032, Si 0*13). All test pieces were normalised at 820° C., 
heated to 830° C., quenched in oil and then reheated to the toughening temperatures 
specified and quenched in oil. 

A typical treatment curve for this class of steel is shown in Fig. 168. The 
method of treatment for the test pieces was similar to that in the case of 
Fig. 167. 

Applications 

Bar for machining purposes {ready treated to I.), such as bolts, studs, and tie bars. 
Also connecting rods, crankshafts, and axles (Treatments I., II., and III.). This steel 
is not suitable for gears for hard wear 


Tm/xzct ^7of?€^ation Si 7i^eJi*ctcOf? percent 
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Carbon . . 

Manganese 

Nickel 

Chromium 

Sulphur . . 

Phosphorus 

Silicon 


Class No. 4 

Chemical Composition 


0-26 to 
0*40 „ 
3 00 „ 
0-90 „ 

. . Not more than 


0- 34 per cent. 
0-80 

3-40 

1- 30 
004 

0 04 „ 

0*20 „ 


Mechanical Tests 



Annealed. 

Treatment I. 

Treatment 11. 

Treatment HI. 

Yield, tons per square inch 

50 to 60 

45 to 55 

55 to 65 

100 to no 

Ultimate, „ 

55 „ 65 

55 „ 

65 

60 „ 70 

110 „ 120 

Elongation per cent. 

20 „ 15 

25 ,, 

16 

22 „ 13 ; 

10 „ 5 

Reduction of area per cent. 

i 60 „ 50 

65 ,, 

55 

60 „ 50 ; 

45 „ 35 

Impact (Izod), ft. -lbs. . . 

1 20 „ 10 

65 „ 

45 

55 „ 40 

20 „ 10 

1 


Heat Treatments 

Normalising. — 810° to 830° C., soak 45 minutes, cool in air. (In this state the steel 
is too hard for machining. ) 

Annealing. — ^After normalising as above, reheat to 650° C., soak 30 minutes, and cool 
in air. 

Treatment I. — 810° C., soak 30 minutes, quench in oil. Reheat to 650° C., soak 
45 minutes, quench in oil. 

Treatment II. — 810° C., soak 30 minutes, quench in oil. Reheat to 600° C., soak 
45 minutes, quench in oil. 

Treatment III. — 810° C., soak 30 minutes, quench in oil. Reheat to 220° to 250° C. 
m oil bath, soak 45 minutes, cool in air. 

Applications 

Bar for rnachining purposes (ready treated to I.), such as bolts, studs, and tie bars. 
Also connecting rods, crankshafts and axles (Treatments I. and II.). Gears for hard 
wear (Treatment III.). 


Carbon . . 

Manganese 

Nickel 

Chromium 

Sulphur 

Phosphorus 

Silicon . . 


Class No. 5 

Chemical Composition 


0-30 to 
0-40 „ 
3-50 „ 
0*60 „ 

. Not more than 


0*38 per cent. 

0-70 

40 

0-90 

004 „ 

004 „ 

015 „ 


Mechanical Tests 



Annealed. 

Treatment I. 

Treatment II. 

Yield, tons per square inch 
Ultimate, ., 

Elongation per cent. 

Reduction of area per cent. 

Impact (Izod), ft. -lbs 

50 to 60 

55 „ -65 

20 „ 16 

60 „ 60 

20 „ 10 

45 to 55 

55 „ 65 

25 „ 16 

60 „ 50 

70 „ 50 

55 to 65 

60 „ 70 

22 „ 13 

60 „ 60 

55 „ 35 
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Heat Treatments 

Normalising. — 820° to 840° C., soak 30 minutes, cool in air. (In this state the steel 
is too hard for machining. ) 

Annealing. — After normalising as above, reheat to 650° C., soak 30 minutes, and 
cool in air. 

Ireatment I. — 820° C., soak 30 minutes, quench in oil. Reheat to 650° C., soak 
45 minutes, quench in oil. 

Treatment II. — 820° C., soak 30 minutes, quench in oil. Reheat to 600° C., soak 
45 minutes, quench in oil. 

The heat treatment curve shown in Fig. 1 09 is typical for this class of 
steel. The size of the test pieces and method of treatment were similar to 
those which gave the results shown in Fig. 167. 

Applications 

Bar for machining purposes (ready treated to I.) such as bolts, studs, and tie bars. 
Particularly useful for crankshafts and axles, also for connecting rods (Treatments I. 
and II.) ; not very serviceable for gears required for hard wear. 


Carbon . . 

Manganese 

Nickel 

Chromium 

Sulphur . . 

Phosphorus 

Silicon 


Class No. 6 


Chemical Composition 

0*28 to 0*36 per cent. 


0*40 „ 0*70 
3*50 „ 4*0 
0*90 „ 1*20 
Not more than 0 04 
„ 004 

0*25 


^Iechanical Tests 


Annealed. 


Yield, tons per square inch . . ' 50 to 60 

Ultimate, „ „ „ 55 „ 65 

Elongation per cent. . . . , 20 „ 15 

Reduction of area per cent. . . 60 „ 50 

Impact (Izod), ft. -lbs. .. .. 20 ,, 10 


Treatment I. Treatment II. Treatment HU. 


50 to 60 i 

55 to 65 

65 to 

75 

55 „ 65 ; 

60 , 

, 70 

70 „ 

80 

25 , 

, 16 ; 

25 , 

, 16 

20 „ 

12 : 

CO „ 50 1 

60 „ 50 

55 „ 

45" 

65 , 

, 45 

55 „ 35 

j 

45 „ 

215 : 


Heat Treatments 

Normalising. 820° to 840° C., soak 45 minutes, cool in air. (In this state the 
steel is too hard for machining.) 

Annealing.— After normalising as above, reheat to 650° C., soak 30 minutea, cool in 

air. 

Treatment 1.-820° C , soak 30 minutes, quench in oil. Reheat to 650° 0., soak 
45 minutes, quench in oil. 

Treatment II. — 820° C., soak 30 minutes, quench in oil. Reheat to 600° C., soak 
45 minutes, quench in oil. 

Treatment III. — 820° C., soak 30 minutes, quench in oil. Reheat to 500® C., soak 
45 minutes, quench in oil. 

Applications 

Bar for machining purposes (ready treated to I.) such as bolts, studs, and tie bars. 
Also suitable for crankshafts and axles (Treatments I. and II. ) and for conhectinir rods 
(Treatments II. and III.). ^ 
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Class No. 7 (Air Hardening) 


Carbon . . 

Manganese 

Nickel 

Chromium 

Sulphur . . 

Phosphorus 

Silicon 


Chemical Composition 


0 26 to 0-34 per cent. 

0- 40 „ 0*60 

4*20 „ 4-70 „ 

1- 20 „ 1-60 

. Not more than 0*40 „ 


99 

99 


0-40 

0-20 


Mechanical Tests 



Annealed. 

! Treatment 
; I- 

1 

Treatment 

II. 

Treatment 

III. 

Treatment 

IV. 

Yield, tons per square in. 
Ultimate, ,, ,, ,, 

Elongation per cent. 
Reduction of area per cent. 
Impact (Izod), ft. -lbs. 

50 to 60 
55 „ 65 
15 „ 10 
55 „ 45 
20 „ 10 

55 to 65 
60 „ 70 
25 „ 16 
60 „ 50 i 
50 „ 30 

65 to 75 
70 „ 80 
20 „ 12 
60 „ 50 
40 „ 20 

95 to 105 
110 „ 130 
14 „ 8 

35 „ 20 

20 „ 8 

90 to 110 
100 „ 120 
15 „ 10 

40 „ 20 

15 „ 10 


Heat Treatment 

Normalising. — 820® to 850® C., soak 45 minutes, cool in air. (In this state the steel 
is too hard for machining. ) 

Annealing. — After normalising as above, reheat to 650® C., soak 60 to 90 minutes, 
cool in air. 

Treatment I. — 830® C., soak 45 minutes, quench in oil or air. Reheat to 650® C., 
soak 60 minutes, quench in oil. 

Treatment II. — 830° C., soak 45 minutes, quench in oil or air. Reheat to 550® C., 
soak 60 minutes, quench in oil. 

Treatment III. — 830° C., soak 45 minutes, cool in still air, no reheating necessary 
although heating to 150® C. in oil is advantageous. 

Treatment IV. — 830® C., soak 45 minutes, quench in oil or air. Reheat to 220® to 
250® C. in oil bath, soak 60 minutes, cool in air. 


Applications 

Gears for hard wear (Treatments III. or IV.) also pins and small shafts for hard 
wear. Connecting rods for aero-engines (Treatments I. or II.), also all parts of great 
strength and hard wear. 


Class No. 8 (Air Hardening) 


Chemical Composition 


Carbon . . 
Manganese 
Nickel . . 
Chromium 
Sulphur . . 
Phosphorus 
Silicon . . 


0*32 to 0-37 per cent. 
0-50 „ 0-70 
3-80 „ 4-30 
115 „ . 1-40 „ 

Not more than 0 40 „ 


99 

99 


0-40 

0-20 
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MECHANiCAii Tests 



Annealed. 

Treatment I. 

Treatment II. 

Treatment 111. 

Yield, tons per square inch . . 
Ultimate, „ „ „ 

Elongation per cent. . . 
Reduction of area per cent. . . 
Impact (Izod), ft. -lbs. 

50 to 60 

55 „ 65 

18 „ 15 

55 „ 45 

30 „ 20 

95 to 110 
110 „ 120 

15 „ 9 

40 „ 20 

20 „ 10 

90 to 105 
105 „ 116 

16 „ 10 

45 „ 26 

22 „ 12 
i 

60 to 60 

66 „ 66 

30 „ 20 

60 „ 60 

66 „ 40 


Heat Treatments 

Normalising. — 820° to 850° C., soak 45 minutes, cool in air. (In this state the steel 
is too hard for machining. ) 

Annealing. — After normalising as above, reheat to 650° C., soak 60 to 90 minutes, 
cool in air. The steel is then machinable. 

Treatment I. — 830° C., soak 45 minutes, cool in still air. Reheat to 100° C. (boiling 
water) or 150° C. (oil bath), soak 60 minutes, cool in air. 

Treatment II. — 830° C., soak 45 minutes, cool in still air. Reheat to 220° to 250° C., 
in oil bath, soak 60 minutes, cool in air. 

Treatment III. — 830° C., soak 45 minutes, cool in still air. Reheat to 650° C., soak 
60 minutes, quench in oil. 


AlPPLICATIONS 

Gears for hard wear (Treatments I. and II.), also other parts subjected to great stress 
or wear. 

Air Hardening. — ^The steels described under classes 7 and 8 will harden 
by cooling in air from the hardening temperature and need not be quenched in 
oil. This is an important feature of these steels, because the slower cooling by 
ail’ reduces the risk of cracking and distortion to a minimum. 

A true air-hardening steel wiU not harden to any greater extent when 
quenched in oil or water, and therefore such a proceeding is useless ; in fact, 
it is dangerous because of the intense expansion and contraction stresses set 
up during the cooling. Even an air blast is unnecessary. 

Air-hardening steels require tempering or toughening after hardening just 
in the same manner as those steels that are hardened by quenching in oil or 
water. Thus, although a very high tensUe strength is obtained in the hardened 
condition, lower values can be obtained by reheating and, of course, the dynamic 
strength is improved. iSince, however, these steels are most suitable for parts 
requiring great hardness (or high tensile strength) it is usual to employ them for 
such parts only, and to use other steels for parts requiriug a lower tensile 
strength. Thus gear wheels and other parts subjected to considerable wear 
are made often out of air-hardening steel which after being hardened is simply 
reheated to a temperature of 100® C. (by boiling in water), or perhaps to a slightly 
higher temperature (in oil), in order to relieve the hardening stresses. The 
reheating increases the dynamic strength (as shown by the impact test), but if 
the temperature is rais^ above 170® C. or 180® C. the hardness begms to 
fall off, otherwise it is unaffected. 

The fact that these steels harden in air is one that has to be considered 
in connection with machining. Clearly all forgings and drop stampings will 
be too hard for machining, and all that can be done is to reheat the parts to a 
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temperature of 650° C. just as though they were intended to be toughened. 
This treatment gives the maximum degree of softness to the steel. 

The machining should be carried out to within close limits, leaving only a 
small grinding allowance to be removed after hardening. This is quite prac- 
ticable because the distortion caused by cooling the part in air is very little. 


Chrome Vanadium Steel 


Plain vanadium steels are seldom used commercially. This alloying metal 
when added to a carbon steel does not appear to exert its fuU influence until 
chromium is also added. Thus the 


useful steels generally contain chro- 
mium as well as vanadium. 

This class of steel is finding favour 
against nickel chrome steels among 
engineers on account of its superior 
for^g qualities, simpler and less 
delicate heat treatment and, generally 
speaking, its supposed greater dyna- 
mic strength. It has not found a 
practical use as a case-hardening 
steel, but Ls rapidly coming into ser- 
vice for such parts as axles, crank- 
shafts, propeller shafts, piston rods, 
and connecting rods. 

Influence of Vanadium in 
Conjunction with Chromium* 
— ^^anadium itself, like the other 
alloying metals, tends to give a fine 
and dense structure to steel. It 
appears to increase the ductility, and 
to some extent the dynamic strength, 
and when chromium is also present 
the improvement becomes very great, 
the latter apparently acting as an 
‘ ‘ intensifier. ’ ’ Under these conditions 
vanadium is a very powerful agent, 
and comparatively small amounts 
only are required to effect any change. 
Thus, in the most commonly u^ 
steel the vanadium content only 
amounts to about 0-20 per cent, 
(chromium about 1*0 per cent.). 

In small amounts hke this, it 
enters into solution in the ferrite, 
which accounts for the improved 
ductility and dynamic strength, but 



^ lOOO 1100 

Temperatare. 
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Fia. 170. — Effect of varying the Hardening 
Temperature on Chrome Vanadium Steel 
(note the small variation in tensile strength, 
etc.). 


in larger amounts it also forms 

double carbides in a manner similar to chromium. Unlike chromium, however, 


it does not possess a tendency to coarsen the structure with prolonged heating, 
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and because of this feature the steel is easy and safe to forge and to heat 
treat. 

Forging. — Compared with nickel chrome steels for the same class of 
work this steel is somewhat more plastic when hot, and therefore forges more 
easily, and flows more readily in the dies during drop stamping. It has the 
advantage also in regard to crystal growth in that it is very sluggish (like 
nickel steels), and can therefore be heated to a high temperature without the 
risk of a coarse structure resulting. 

Heat Treatment. — like chromium, vanadium raises the critical range 
temperatures, and therefore the temperatures for heat treatment are generally 
higher than those for nickel chrome steels. The steel has the same sluggish 
nature as nickel steel, and therefore requires high temperatures and prolonged 
heating to effect diffusion throughout the mass. At the same time these 
higher temperatures and longer soaking times do not produce a large 
crystal grain structure, an important feature from the commercial stand- 
point. 

There is not the same need for accuracy in heat treatment. This is clearly 
seen in Fig. 170, which shows the effect of quenching a vana^um steel at 
various temperatures between 900° C. and 1,100° C. The impact curve, of 
course, shows the greatest change, but even this is less than with most 
steels. 

Machining Properties. — ^When properly treated the machining quahties 
are about the same as nickel steels or low chromium nickel chrome steels, of 
the same strength. 

Classification. — In the usual commercial steels the vanadium content 
is nearly always the same (tool steels excepted), being about 0T6 to 0*22 per 
cent., while the chromium varies from 0*75 to 1*40 per cent. The real control- 
ling factor is the carbon content and upon this the different steels can be 
classified. Thus the groups are as follows : — 



Class No. 

Carbon. 

Chroraium. * 

' 

Vanadium. 


1 

0-25 

0-9 

0-18 


2 

0-35 ! 

10 

0-18 


3 

0-50 

10 i 

0-20 


Of these the second one is the most common ; the first being a mild type, 
and the third being intended for springs or hardened gears up to 120 tons per 
square inch. These steels are dealt with more fully below. 


Class No. I 

Chemical Composition 


Carbon . . 

Manganese 

Chromium 

Vanadium 

Sulphur .. 

Phosphorus 

Silicon 


0*22 to 0*30 per cent. 
0*50 „ 0-80 
0*80 „ 110 
016 „ 0*20 

Not more than 0’06 „ 

» 0-05 „ 

»> 9 > 0*30 ,, 
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Mechanical Tests 



Normalised. 

Treatment I. 

Treatment II. 

Yield, tons per square inch 

40 to 50 

40 to 50 

45 to 55 

Ultimate, „ „ „ 

50 „ 60 

50 „ 60 

55 „ 65 

Elongation per cent. . . . . 

20 „ 10 

25 „ 15 

22 „ 13 

Reduction of area per cent. 

55 „ 50 

65 „ 55 

60 „ 50 

Impact (Izod), ft. -lbs. . . 

25 „ 15 

100 „ 70 

80 „ 60 



Fig. 171. — Heat Treatment of Chrome Vancidium Steel Class No. 1 (C 0*28, Cr 0*93, 
V 0*19, Mn 0’73). Hardened in oil at 900° C., and reheated to the toughening 
temperatures specified and quenched in oil. 


Heat Treatments 

Annealing. — Dead soft, 760° to 800° C., soak two hours, cool in boxes or in furnace. 
Normalising. — 820° to 840° C., soak 45 minutes, cool in air. 

Treatment I. — 850° C., soak 30 minutes, quench in oil. Reheat to 650° C., soak 45 
minutes, quench in oil. 

Treatment II. — 850° C., soak 30 minutes, quench in oil. Reheat to 550° C., soak 
45 minutes, quench in oil. 


The curves in Fig. 171 show the effect of varjdng the toughening or re- 
heating temperature after hardening at 900° C. in oil. Like otter alloy steels, 
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the impact values are very low until the temperature reaches 400° C., although 
they are higher than in the case of nickel chrome steels. 

The composition of this particular sample of steel was : — 


Carbon . . 

Manganese 

Chromium 

Vanadium 

Sulphur . . 

Phosphorus 

Silicon 


0*28 per cent. 
0*73 
0*93 
0*19 
0011 
0015 
0*28 


Class No. 2 


Chemicai. Composition 


Carbon . . 

Manganese 

Chromium 

Vanadium 

Sulphur . . 

Phosphorus 

Silicon 


0*35 to 0*42 per cent. 
0*50 „ 0*80 
0*90 „ 1*20 „ 

0*17 „ 0*20 

Not more than 0*05 ,, 

0*05 

,, „ 0*30 


MeCHANICAIj Tpjsts 


Normalised. 

1 

Treatment 1. 

Treatment II. 

Yield, tons per square inch 

45 to 55 

50 to 60 

55 to 65 

Ultimate, ,, „ ,, 

. . i 55 „ 65 

60 „ 70 

65 „ 75 

Elongation per cent. 

18 „ 10 


18 „ 12 

Reduction of area per cent. 

55 „ 50 

65 „ 56 

60 „ 50 

Impact (Izod), ft. -lbs. 

25 „ 15 

90 „ 70 

70 „ 40 


Heat Tbeatments 

V Normalising. — 840° to 870° C., soak one hour, cool in air. To improve machinability, 

Reheat to 650° C., soak 45 minutes, quench in water or oil. 

Treatment I. — 860° C., soak 45 minutes, quench in oil. Reheat to 650°, soak 60 
minutes, quench in water or oil 

Treatment II. — 860° C., soak 45 minutes, quench in oil. Reheat to 550° C., soak 60 
minutes, quench in water or oil. 


Class No. 3 

Chemical Composition 


Carbon . . 


0*45 to 0-52 

per cent. 

Manganese 


0*50 „ 0*80 

99 

Chromium 


1*0 „ 1*40 

99 

Vanadium 


0-17 „ 0*22 

9 9 

Sulphur . . 


. . Not more than 0*05 

99 

Phosphorus 


0*05 

99 

Silicon 


0*25 

99 
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Fig, 172. — Heat Treatment of Chrome Vanadium Steel Class No. 3 (C 0*48, Cr 1*26, 
V 01, Mn 0*85). Test pieces hardened in oil from 900° C., and then reheated to the 
toughening temperatures specified and quenched in oil. 

Heat Treatments 

Annealing. — 800° to 840° C., soak two to three hours, cool slowly in boxes or in 
furnace. 

Normalising. — 850° to 880° C., soak one hour, cool in air. To improve machinability 
c eheat to 650° to 680° C., soak 45 minutes, quench in water or oil. 
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Treatment I. — 880® C., soak 45 minutes, quench in oil. Reheat to 650® C., soak 60 
minutes, quench in water. 

Treatment II. — 880® C., soak 45 minutes, quench in oil. Reheat to 550° C., soak 60 
minutes, quench in water. 

The graph, Fig. 172, shows the effect of varying the toughening or re- 
heating temperature on this class of steel. Fig. 173 is given to confirm Kg. 170, 



Fig. 173. — Effect of varying the Hardening Temperature on Chrome Vanadium Steel 
(same composition as Fig. 172). Test pieces hardened at the temperatures specified, 
quenched in oil, and then reheated to 430° C. and quenched in oil. 


and shows how small is the effect of varying the hardening temperature. It 
will be noticed that the impact value is nearly constant over the range 800® 
to 950° 0. 


special Alloy Steels 

There are a few alloy steels which, owing to their high cost, are used only 
occaaon^y in constructional work. Such steels generally have a definite 
application, as, for example, tungsten steel, which is used for permanent magnets 
m electrical apparatus and for valves in internal combustion engines (aero 
engmes particularly). Other uses, however, are being found, and for this 
reason a few notes on some of these special st^ls are given below. 
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Tungsten Steel.— The addition of tungsten to carbon steel raises the 
tempering or toughening range of temperatures. A steel in the har(-:ned 
condition, containing tungsten, must be reheated to a higher temperature than 
is necessary in the case of a plain carbon steel, in order to convert the 
martensite into troostite. Thus such a steel when used as a cutting tool 
will maintain its cutting edge at temperatures much higher than a plain 
carbon tool steel will do. This, of course, is the basic principle of the high- 
speed tool steels. 

In some instances a small percentage of tungsten is added to a steel in order 
to increase its tensile strength without reducing its resistance to shock. Thus a 
small number of springs are made from steel which contains approximately 
0*5 per cent, carbon and 0*60 to 0*80 per cent, of tungsten. The heat treat- 
ment for such steels is to harden at 850° C. by quenching in oil and then to 
reheat to 500° C. or 550° C. The tensile strength is then about 80 to 85 tons 
per sq. in. and the yield point about 58 to 60 tons per sq. in. 

Tungsten is added in larger quantities to form various kinds of tool steel, 
and as much as 18 per cent, is found in some valve steels. In such quantities 
it confers upon the steel a high tensile strength at high working temperatures 
(see para, deahng with “ Strength of Alloy Steels at Different Temperatures ”), 
and for this reason it is particularly suitable for exhaust valves for internal- 
combustion engines. The following is a typical specification* for this class 
of steel : — 

Chemical Composition 


Carbon . . 
Silicon . . 
Manganese 
Sulphur . . 
Phosphorus 
Tungsten 
Chromium 
Vanadium 


. . 0*55 to 0*70 per cent. 

Not more than 0*25 „ 

„ „ 0-25 „ 

„ „ 0-06 „ 

„ „ 0025 „ 


15 to 18 
3 to 4 

Not more than 1*0 


Heat Treatment 

Heat to 950° C., soak for 15 minutes, cool in still air, then reheat carefully to 800° C., 
soak 30 minutes and cool in air. This treatment will give a tensile strength of 53 to 
62 tons per square inch. . 

According to some test results given by Dr. Leslie 4^itchison f the strength 
of these high tungsten steels at high temperatures is very dependent upon the 
carbon content (see para. “ Strength of Alloy Steels at Different Temperatures ”). 

These steels resist corrosion to a remarkable degree and when made up as 
valves scale very much less than other steels, with the exception of the nickel 
chrome steel known as stainless steel. 

The forging of the high tungsten steels is a difficult operation and the risk 
of cracking is considerable. The heat treatment is comparatively simple and 
the machining properties of the correctly heat-treated steel are good. 

Molybdenum Steel. — ^Apart from the high-speed tool steels molybdenum 
steels have not found much application in England. In the United States, 
however, it is produced in comparatively large quantities, and because of its 
superior qualities there is no doubt but that this steel will find favour here. 

* Air Board Specification, K. 8, Jan. 1918. 

t “ Valve Failures and Valve Steels in Internal-combustion Engines,” Dr. Leslie 
Aitchison, The Automobile Engineer, Nov. 1919. 
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Commercially it is not usual to add more than 1*0 per cent, of molybdenum 
to structural steels. Besides the plain carbon molybdenum steels there are 
combinations with chromium or nickel and also more complex steels such as 
chrome nickel molybdenum steel or chrome vanadium molybdenum steel. 

With low carbon steels containing molybdenum as the only addition this 
metal mainly enters into solid solution in the ferrite and adds both strength 
and ductility to the steel. When more carbon is present and chromium is 
added, molybdenum probably combines partly with the chromium and carbon 
forming complex carbides, and the remainder enters into the ferrite. 

According to A. H. Hunter,* molybdenum steels, as a class, when compared 
with other alloy steels having the same tensile strength, give a slightly 
higher elastic limit, a higher elongation figure, and a much greater reduction 
of area. Thus these steels are more ductile and tougher than the more common 
alloy steels. This improvement also shows up under the impact test (Izod), and 
as a result of comparative tests with some aUoy steels the resistance to impact 
w’as found to be 34 per cent, greater than the nearest alloy steel. The action 
of molybdenum is demonstrated by the results shown in the following table : — 


Mechanical Tests on Steel containing Varying Percentages op 

Molybdenum 



Mo 0-20. 

Mo 0-40. 

Mo 0*76. 

Elastic limit, tons per square inch 

74 ’ 

' 73 

72 

Elongation (in 2-inch), per cent. 

13-5 

16-6 

19*5 

Reduction of area, per cent 

52-0 

58-4 

61*0 


The test-pieces contained from 0*28 to 0*36 per cent, carbon, 0*44 to 0*64 
per cent, manganese, and 0*70 to 1*04 per cent, chromium. The improvement 
in ductility is quite pronounced. 

For pressed steel parts such as motor frames and shovels, etc., a low carbon 
steel appears to be the most adaptable. Tests made on such a steel are given 
herewith. 

Chemical Composition 

Carbon . . . . . . O’ 164 per cent. 

Manganese . , . . 0 45 „ 

Molybdenum . . . . 0*226 ,, 


Mechanical Tests 


Thickness of 
sheet. 

Condition. 

Elastic Limit, 
tons persq. in. 

Elongation 
per cent. 

(2 inches). 

11 ^ inch 

As rolled 

24 

44-5 

365 inch 

Heated to 875° C., quenched in water, 
reheated to 480° C. 

55-5 

7-5 


Size of test piece, 9 ins. long, 1*5 ins. wide. 

The fact that such a steel possesses a high degree of ductility makes it useful 

* “ Molybdenum,” paper read before the American Iron and Steel Inst. Summary 
published in Metal Industry, Aug. 26, 1921, 
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for extremely difficult pressing and forming operations. Also the possibilities 
of heat treatment, giving the steel a high degree of strength consistent with 
other desirable qualities, opens the way to a wider application of sheet metal 
parts. 

Of the more complex steels the following have found definite apphcations : — 


Chemical Composition 


Carbon . . 


Chrome Nickel 
Molybdenum. 

. . 0*44 

Chrome V 
Molybd 
0-38 

Manganese 


. . 0-42 

0-60 

Chromium 


. . 0*99 

100 

Nickel . . 


. . 2 04 

— 

Vanadium 


— 

018 

Molybdenum . . 


. . 0-36 

0*80 


The steel containing nickel has been found particularly suitable for gears 
(oil-hardened) and for other parts requiring great strength. The vanadium 
steel is more suitable for parts requiring less strength and toughened 
at the higher temperatures. After hardening and reheating (toughening) 
to about 540° C., both steels possess a tensile strength greater than 90 tons 
per sq. in. 

Another steel, containing approximately carbon 0*3, nickel 3*0, chromium 
0*8, molybdenum 0*4, gave the following test results after a heat treatment 
consisting of, quenching in oil from 800° C. and then reheating to the tempera- 
tures specified. 

Mechanical Tests on Chrome Nickel Molybdenum Steel. 


Toughening 
Temperature, ®C. 

Yield, 

tons per sq. in. 

Ultimate 

1 tons per sq. in. ' 

Elongation per 
cent, in 2 in. 

Reduction oi 
area per cent. 

Brinell 

Hardness. 

260 

104 

111 

140 

46-8 

455 

480 

76 

84*5 

160 

51-6 

363 

540 

71-5 

80 

18-5 

58-3 

344 

600 

66*5 

74 

18-5 

600 

328 


Molybdenum steels forge quite readily and are not so susceptible to tempera- 
ture effect as medium carbon and chrome steels. 

The heat treatment of these steels is very simple and much less dehcate 
than that of most other steels, A series of test bars * which were hardened at 
various temperatures between 800° C. and 1,100° C., and all reheated to the 
same temperature, gave the same yield point, tensile strength, and elongation, 
the only variation observable being in the reduction of area, which was 62*7 per 
cent, at 800° C. and 59 per cent, at 1100° C. No figures are quoted for the 
dynamic strength, and as this is a most important property it is unfortunate 
that this test was omitted. 

Manganese Steels. — ^This type of alloy steel is noted for its wear-resisting 
properties, and although its behaviour under heat treatment has been per- 
plexing, this difficulty is disappearing in face of a more perfect knowledge of 

* “ Molybdenum and its Properties,” Metal Industry, July 15, 1921. 
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the metallurgical factors and in consequence manganese steel is now finding 
an extending field of application. 

The steels in use may be divided into two groups : those containing up to 
2 x>er cent, manganese and those containing from about 10 per cent, up to 15 
per cent, manganese. These two groups are distinctly different and the qualities 
of the one must not be confused with those of the other. For convenience 
these steels will be referred to as Low manganese steel and High manganese 
steel respectively. 

Low Manganese Steel. — ^Manganese steels containing up to 2 per cent, 
of manganese may be regarded as possible substitutes for nickel and nickel 
chrome alloy steels in mechanical constructional work. So far they have not 
come into general favour for such work, a fact that is probably due to a wide- 
spread impression that such steels are brittle. If the steel is made properly 
and heat treated correctly very good results are obtained, there being no 
brittleness. 

The addition of manganese to steel causes an increase in the tensile strength, 
which is due to the formation of the double carbide of manganese and iron. 
Thus the addition of each OT per cent, of manganese increases the tensile 
strength of the steel (when heat treated) by 0’6 to 0 9 ton per sq. in.* In this 
respect manganese exerts a much greater influence than nickel. 

The operation of forging these steels requires greater care than the corre- 
sponding plain carbon steels, and it is essential that the forgings should be 
normalised or annealed. 

The heat treatment of low manganese steels is very similar to that adopted 
for nickel or nickel chrome steels. The effect of manganese, however, in 
lowering the critical range (on heating) is much greater than that of nickel and 
amounts to about 3° C. for each 0* I per cent, addition of manganese. Manganese 
appears to have the effect of increasing the sensitiveness of the steel to abuse 
of heat-treatment methods. Rolled bars will often crack when quenched in 
water. This difficulty to some extent is due to imperfect manufacture of the 
steel, but much depends on the time allowed for soaking wLen at the correct 
hardening temperature. It is important that this should be ample in order 
that diffusion may be complete. 

High Manganese Steels. — ^The predominating quality of high manganese 
steel is its resistance to wear by abrasion. It is this quality that has brought 
this steel into such extensive use for railway and tramway trackwork, an 
application which is now^ definitely established. Other important applications 
are colliery tub wheels, crusher jaws, various components for dredgers, exca- 
vators and steam shovels, also liners for tube mills, parts for ball mills, and 
crushing rolls. In regard to railway trackwork it is interesting to record that, 
at an important junction on one of the London railways, ordinary steel rails 
having a useful life of seven to nine months were replaced wdth manganese 
steel rails, f which at the time of writing (May, 1922) had already lasted nine 
and a half years and, according to the chief engineer, were likely to last at 
least four years more. 

The amount of manganese found in these steels varies from 10 to 15 per 
cent., but the usual amount is about II to 12 per cent. The carbon content is 

* Bullens, “ Steel and its Heat Treatment.” 

t Steel supplied by Messrs. Edgar Allen & Co., Ltd., to whom aeknowledgment is 
given for this and other valuable data. 
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between 1 and 1*5 per cent. Now the retarding influence of manganese on 
the change from austenite to martensite is so great (see p. 128), that the change 
does not take place at all in steels containing the amounts referred to above. 
Thus this steel is permanently hard and cannot be machined, no matter what 
treatment it is given. This fact, of course, somewhat limits its use, although 
it is possible in some instances to overcome the drawback, e.g. gears, pinions, 
and other rotating parts can be fitted with a mild steel bush (or hub), which is 
placed in the mould and cast in position. 

If the percentage of manganese is reduced there is a risk of martensite 
forming, and as this is extremely brittle and weak, steels containing between 2 and 
8 per cent, manganese are of no use commercially (even after heat treatment). 

The composition of manganese steel rails may be specified as follows : — 

Carbon . . . . . . 100 to 125 per cent. 

Manganese.. .. ..11 „ 12*5 „ 

Sulphur . . ... . . under O’OG „ 

Phosphorus . . . . „ 0 08 „ 

Silicon . . . . . . 0'25 to 0*40 ,, 

Sometimes a small proportion of chromium is added to increase the elastic 
limit, but as this element has a direct effect on the ductility, reducing the 
elongation figure, it is limited to about O o per cent. 

The structure of this steel is capable of profound modification by varying 
the rate of cooling. The proportions of manganese and carbon, the formation 
of the double carbide, the extent to which this compound forms and the shape 
or condition it assumes are all factors which govern the behaviour of the steel 
in use. Thus the method of casting and the size of the casting directly affect 
the mechanical properties. Further the forging, rolling, and other mechanical 
work influences the qualities of the steel, and to obtain the best results it becomes 
necessary to heat treat the material before use. 

In the cast condition the structure is very coarse, the crystal grains being 
often exceedingly large. This, of course, is very unsatisfactory for most 
purposes and therefore it is important to adopt some treatment which will 
reduce the grain size. 

An annealing treatment will effect a change in the grain size, but unfortu 
nately it causes the separation of the double carbide (from the austenite) to an 
extent which is very injurious to the steel. This carbide during the slow 
cooling is rejected by the austenite grains and forms weak brittle membranes 
around these grains, together with spines or needles running across the grains. 

The heat treatment of these high manganese steels therefore must not only 
refine the grain structure, but must control the behaviour of the carbide in its 
relationship to austenite. 

Any treatment involving slow cooling is fatal, the effect on the elongation 
figure being to reduce it to a low percentu;ge. Thus, to prevent the separation of 
the carbide rapid cooling must be resorted to, preferably by quenching in water. 
The absorption of the free carbide (by the austenite) that ab-eady exists in the 
casting is a slow process and to accelerate it and also bring about diffusion 
it is necessary to heat the steel to a high temperature. Usually temperatures 
between 1,000° C. and 1,100° C. are employed. The mechanical properties of 
the steel depend mainly on the absorption of the carbide and therefore the 
temperature is governed by the condition of the structure prior treatment 
and the final mechanical requirements. 
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The tensile strength of the average commercial manganese steel in the 
treated condition, but not rolled or forged (i.e. castings), is about 36 to 38 
tons per sq. in., with an elongation of about 30 per cent. The forged 
or rolled material may have a tensile strength as high as 65 tons per sq. in., 
but more usually it is about 55 tons per sq. in., with an elongation of not 
less than 40 per cent. The ductility is of a high order, and is a most valuable 
property, but, as explained above, this feature depends very much on the rate 
of cooling after treatment. The ratio of the elastic limit to the ultimate tensile 
strength is about 5*5 to 10, which means that under heavy shocks the steel 
has a tendency to flow or spread because of this low elastic ratio. This Ipw 
elastic limit is valuable in some instances because of the great disparity 
between the point at which, under load, the steel first takes a permanent set 
and the point at which it eventually breaks. 

The comparatively low tensile strength (55 tons per sq. in.) and, what is 
more striking, the low Brinell hardness figure (about 200), lead to the belief 
that this steel will machine, but, as a matter of fact, it appears that any attempt 
to cut it simplj^ increases its hardness and makes the operation impossible. 
The cause of this is not fully understood, but whatever it may be, one thing 
is certain and that is this peculiarity of manganese steels accounts for their 
extraordinary wear-resisting properties. It seems that as soon as the steel is 
subjected to any deformation process (while cold), such as crushing or rolling, 
the skin (or surface) immediately hardens. This is demonstrated by a series 
of tests * made by means of the Du Nord dynamic hardness testing machine, 
the results of which are given below : — 

Dynamic Hardness Tests of Manganese Steel Tramway crossings, Carried out 

IN Position in the Street to determine the Skin-hardening due to Wear. 


Piece bested. 

Dynamic 

Per cent, increase 

hardness. 

of hardness. 

Crossing No. 1. 



Unworn surface 

32 



Worn surface 

65 

103% 

Crossing No. 2. 

Unworn surface 

27 


Worn surface . . 

57 

111% 


Dynamic Hardness Tests of Rolled “Imperial” Manganese Steel Railway 
Rails to determine the Percentage Increase of Hardness due to Wear. 



Condition of rail 

I Dynamic 

Per cent, increase 


j hardness. 

of hardness. 

New . . 


. . 1 36 


Worn 

. . 

. . i 70 

94-4% 


The rail subjected to traffic was only slightly worn, wheel contact having 
scarcely covered the width of the tread. 

In all cases the increase in hardness is remarkable, amounting to about 
107 per cent, in the case of the castings and about 94 per cent, in the case of the 
rolled material. 

* By kind permission of Messrs. Edgar Allen & Co., Ltd., Sheffield. 
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Strength of Alloy Steels at Different Temperatures 

The strength of steel at the higher temperatures is sometimes of consider- 
able importance, but the data available is extremely little. A series of tests 
on alloy steels are described by Dr. L. Aitchison,* and the results of these 
form the basis of the following notes. 

Nickel Steel • — ^Two samples were tested after a heat treatment con- 
sisting of hardening in oil from 830° C. and tempering at 600° C. The results 
are tabulated below : — 


Composition. 

Ultimate Tensile, tons per sq. in. 

C. 

Ni. * Cr. 

Mn. 

700° C. 

900° C. 

0-29 

3-22 008 

0-43 

9-4 

3*9 

0-60 1 

1-99 0*35 

1 

0-95 

11-5 

4-5 


Nickel Chrome Steel.— Some results obtained from four steels of 
different compositions are given herewith : — 


Composition. 

Ultimate Tensile, tons per sq. in. 

C. 

j Xi. 

Cr. 

! 

Mn. 

650° C. 

750° C. 

850° C. 

900° C. 

950° C. 

0-28 

2-80 

1-34 

0-46 

15-9 

8*5 

5*4 

4-6 


0-29 

3-90 

M 4 

. 0-46 

14-4 

8-6 

51 

4'2 

3-6 

0-37 

2-76 

0-64 

0*44 

150 

9 0 

60 

4-5 

3-6 

0-24 

4-47 

102 

0-34 

1 12-8 

1 

8-4 

6-7 

4-4 

3-3 


The above steels were heat-treated before testing as follows : — ^The first was 
hardened in oil from 820° C. and tempered at 630° C., the second hardened in 
air from 820° C., tempered at 600° C., the third, hardened in oil from 820° C. 
and tempered at 560° C., and the fourth was tested in the forged state. 

Chrome Steel. — ^The following results were obtained with low chrome 
steels : — 


Composition. 

Ultimate Tensile 

1 , tons per sq. in. ' 

C. 

m. Cr. 

Mn. 

700° C. 

900° C. 

0-35 

— i 2*75 

0-43 

8*5 

4-2 

0-67 

— 1 313 

1 

! 

0-51 

11-7 

4*9 


The above chrome steels were hardened in oil from 830° C. and tempered 
at 600° C. 

Special Steels. — ^All the steels referred to above possess approximately 
the same tensile strength at 900° C. (i.e. about 4 to 5 tons per sq. in.), and for 

♦ “ Valve Failures and Valve Steels in Internal Combustion Engines,” by Dr. Leslie 
Aitchison, D.Met., A. Sc., S.I.C., The Aviomobile Engineer ^ Nov. 1919. 
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this and other reasons a number of special alloy steels liasre been developed. 
These are tabulated, together with their tensile strengths at high temperatures, 
below : — 


High Chromiitisi Series 


Composition. 


Ultimate Tensile, 

tons per sq. in. 


C. 

Cr. : 


Si. 

20“ C 

650“ C. 

750“ C. 

800“ C. 

900“ C. 

! 

1000“ C. 

0 37 

12-37 

015 

0-25 

43-4 

13-6 


' 6-5 

6-5 

_ 

104 

10-42 



0-15 

605 

21-5 

— 

7-5 

7-5 

— 

0-96 

13-1 ; 

0-45 

0-17 

53-8 

— • 

14 0 

7 3 

7-3 

4-1 

108 

131 1 

0-50 

0 T 7 

56*6 

— 

15-2 

; 8-5 

7-4 

40 

118 

13-1 ■ 

0-45 

0-10 

58-2 

— ■ 

13 2 

i 7 9 

7-5 

3-8 

1-42 

13-1 ; 

0-44 

0-35 

59-7 

— 

13-3 

7-9 

7-6 

3-9 

0-36 

11-2 

0-23 

0-16 

43-0 

— ■ 

12-1 

6-6 

4-8 

4-0 


The above steels were heat treated before testing. The first two were 
hardened in air from 880"^ C., and tempered at 700° C. The remaining five 
were hardened in air from 900° C. and tempered at 700° C. 


JMedium Chromium Series 


Composition. : Ultimate Tensile, tons per sq. in. 


1 

C . i 

. 1 . . . . i 

CT. i 

Xi . 

Si. 1 

20“ C. 

750“ C. ' 

900 “ C . 

0-54 ' 

6-3 

0 43 

0-14 

59'5 1 

17-0 

7-0 

0-55 

7-1 

0-50 

0-75 

57-5 

14-9 

7-2 

0-56 

66 

3 08 

i 

0-17 

58-1 i 

1 ' 

17-8 

7-6 

1-09 

. 6 3 

0 42 

0-19 

i 

72-5 j 

18-4 

7-5 

1-08 

6-7 

0-51 

0-56 

69-5 1 

21-0 

7-3 

1-11 

5-8 

2-96 

0-19 

56-6 1 

i 

18-2 

6-5 


This series of steels were hardened in oil from 820° C., and tempered at 
650° G. 


Tungsten Series 


Composition. 


Ultimate tensile, tons per sq. in. 


C. 

Mn. 

W. 

Cr. 

V. 

20“ C. 

650“ C. 

700“ C. 

800“ C. 

900“ C. 

0-60 

008 

17-44 

3-64 

1-00 

48-6 

_ 

17-7 


8-3 

0-60 

0-09 

16-37 

3-86 

0-06 

52-5 

— 

17-0 

— . 

8-95 

0-67 

0-09 

13-56 

3-70 

0-10 

50-9 

— 

15-9 

— 

7-65 

0-45 

007 

13-08 

3-62 

— 

47-8 

j — ' 

14-75 

— 

7-45 

0-45 

0-08 1 

15-73 

3-75 

— 

44-6 

; — 

15-5 

— 

6-3 

0-47 

0 07 

! 12-68 

3-62 

0-80 

45 5 

— 

16-85 

— 

7-25 

0-71 

0-05 

i 17-30 

3-86 

0-75 

58-4 

24-7 

— 

10-3 

8-8 

0*43 

0-37 

i 12-10 

3-19 

. i 

— 

50'0 

20-1 

— 

7-1 

8-2 

! 
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The tungsten steels were tested after refining at 950° C., and temnerins 
800° C. ^ 


The dynamic strength increases shghtly as the temperature is raised to 
about 600° 0. or 700° C., and then more rapidly as the temperature is raised to 
900° C. This applies to both the chromium and tungsten steels. 



CHAPTER XIII 


CASE-HARDENING STEELS 

The process of case-hardening is, speaking broadly, adopted when a hard wear- 
ing surface is desired combined with toughness and the ability to withstand 
shock. 

The steel used, therefore, must be capable of absorbing the necessary carbon 
during the carburising process at an efficient rate and to the depth of penetra- 
tion required, and also give the desired tensile strength with the highest 
possible dynamic strength. 

The first requirement {i.e. a hard surface) can be obtained with almost any 
steel provided it has been carburised (or cemented) correctly and thus contains 
the necessary carbon to produce the hardness. Mild steels and medium carbon 
steels will carburise with equal facility and both produce a good hard “ case.” 
So will nickel and nickel chrome alloy steels. The rate and depth of pene- 
tration will, however, vary with different classes of steel, and these factors wiU, 
in some instances require taking into account. The chief point is that no great 
difference exists between the different steels so far as actual carburising and 
producing a hard surface is concerned. 

The second requirement, i.e. that of obtaining a tough centre or core, 
depends entirely on the steel used, and it is for this reason that nearly all tests 
are made on the core of the case-hardened steel, and that specifications issued 
relate to this portion. The core, in fact, is really the actual part that must be 
capable of resisting the various stresses that are imposed : the hardened case 
is there simply to withstand abrasion or wear, and should not be considered 
as of any assistance in withstanding the stresses referred to. That the case 
does increase the strength is well known, but as its dynamic strength is almost 
nil this increase should not be depended upon. 

Thus the requirements for the core generally decide what kind of steel shall 
be chosen, and the case is nearly always a secondary consideration. 

At the same time the quality of the case may be of special importance both 
as to hardness and thickness. Then the requirements of the core may have to 
take second place, and a steel used which ^v^ll give the maximum hardness or 
depth of penetration. For example, a nickel steel retards the carbon penetra- 
tion, and does not produce so hard a case (with the ordinary methods) as plain 
carbon steel, hence to obtain a very hard case or one of great thickness a plain 
carbon steel will give better results. For this reason it may be necessary 
or desirable that a medium carbon steel should be used. 

Selection of Steel. — ^The core, as explained already, generally governs 
what kind of steel should be used, but the case may often influence the choice. 

314 
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A general impression of the qualities of some of the different steels in us^ can 
be obtained from the following list : — 


Some Case-hardening Steels and their Approximate Properties 


Kind of Steel. 

Core. 

Case. 

Carbon O’lO percent. . . 

0*08 to 0*14 per cent. 

Requires careful heat treat- 
ment, close temperature limits. 
Tensile max. 30 tons per sq. 
in. Impact (Izod), 50 to 70 
ft. -lbs. 

Very hard. Sclero- 
scope value, 80 to 90. 
Cracks easily under 
heavy load due to 
soft core. 

Carbon 0*15 per cent. . . 

0*14 to 0*18 per cent. 

Requires careful heat treat- ; 
ment, close temperature limits. 
Tensile max. 38 tons per sq. 
in. Impact (Izod), 50 to 80 
ft. -lbs. 

Very hard. Sclero- 
scopc value, 80 to 90. 

Nickel 2 per cent. 

Ni 2 to 2*5 per cent. 

C 0*10 to 0*15 per cent. 

Heat treatment very simple, 
wide temperature limits, oil 
quenching. Tensile max. 40 
tons per sq. in. Impact (Izod), 
70 to 100 ft. -lbs. 

Hard. Scleroscope 
value, 75 to 85. Case 
does not peel so 
readily as with carbon 
steel. 

Nickel 2*5 per cent. 

Ni 2*5 to 3*0 per cent. 

C 0*10 to 0*15 per cent. 

Heat treatment very simple, 
wide temperature limits, oil 
quenching. Tensile max. 45 
tons per sq. in. Impact (Izod ), 
50 to 80 ft. -lbs. 

Hard. Scleroscope 
value, 75 to 85. Case 
does not peel so 
readily as with carbon 
steels. 

Nickel 5 to 6 per cent. 

Ni 4*5 to 6*0 per cent. 

C 0*10 to 0*15 per cent. 

! 

Heat treatment not so 
simple as last but better than 
carbon steel. Temperature 
limits still fairly wide. Oil 
quenching. Tensile max. 55 
tons per sq. in. Impact (Izod), 
30 to 60 ft. -lbs. 

Hard. Scleroscope 
value, 70 to 80. 

Nickel Chrome 

Ni 1 *8 to 2*5 per cent. 

Cr 0*6 to 1 *0 per cent. 

C 0*10 to 0*15 per cent. 

Heat treatment simple. 
Temperature limits not «o 
wide as nickel steel but wider 
than carbon steel. Oil 
quenching. Tensile max. 60 
tons per sq. in. Impact (Izod), 
30 to 50 ft. -lbs. 

Hard. Sclersocope 
value, 75 to 85. 

Nickel Chrome . . 

Ni 3*0 to 3*5 per cent. 

Cr 1 *0 to 1 *4 per cent. 

C 0*10 to 0*15 per cent. 

Heat treatment less easy 
than above. Temperature 
limits about same as carbon 
steel. Oil quenching. Tensile 
max. 70 tons per sq. in. Im- 
pact (Izod), 25 to 40 ft. -lbs. 

Very hard. Sclero- 
scope value 80 to 90. 

Nickel Chrome 

Ni 4*0 to 4*5 per cent. 

Cr 1 *2 to 1 *6 per cent. 

C 0*10 to 0*15 per cent. 

Heat treatment and tem- 
perature limits about same as 
above. Oil quenching. Ten- 
sile max. 80 tons per sq. in. 
Impact (Izod), 20 to 30 ft. -lbs. 

Very hard. Sclero • 
scope value 85 to 95. 
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This list, which is incomplete, should only be regarded as a rough guide in 
selecting a steel ; there are many other factors which must be considered, 
and cost is not the least important of these. The more important points 
are dealt with in the following pages. 

Carbon Content. — ^The carbon content of the steel is of paramount 
importance since it is this element that is mainly responsible for brittleness. 
The quenching treatments subsequent to carburising intensify the brittleness, 
which becomes very serious when the carbon exceeds 0*25 per cent. 

Some authorities consider that 0*25 per cent, carbon for a plain carbon 
steel is satisfactory, and that in the ease of alloy steels such as nickel chrome 
case-hardening steels it is permissible to ha^ e a carbon content as high as 
0*3 per cent. While there is no doubt that steels containmg such a high x>er- 
centage of carbon are used, and can be heat treated successfully, there is 
certainly no doubt that their use cannot be considered desirable from a com- 
mercial point of view. Certain work may require great strength in the core and 
high carbon steels may be necessary to meet this requirement, but it is always 
better to secure this greater strength by the addition of nickel or nickel and 
chromium instead of carbon. Parts that require straightening after treat- 
ment, such as spindles, camshafts, etc., will crack and break quite easily if the 
core contains carbon to the extent quoted above. 

In the other direction low carbon steels mean weak cores and cause difficulty 
in machining jprevious to treatment, the material tending to tear badly, thus 
producing a rough surface conducive to hardening cracks in the case, and also 
requiring more grinding to obtain a smooth finish on the hardened surface. 

As a general rule no case-hardening steel should contain more than 0*2 per 
cent, carbon, while it is best to keep within the following ranges : — 

Plain carbon steel .. .. 0‘12to0'18 per cent, carbon. 

Alloy steels ., .. .. 0 08 ,, 0*15 ,, ,, 

An exception to the above rule can be made in the case of work Avhich is 
only subjected to a crushing load, such as ball and roller races, where it is 
important that the case ” should be supported by a core which is 
moderately hard. 

The carbon content can then be raised to 0*3 per cent., or even to 0*4 per 
cent. Such ‘‘ high carbon ” steels then require careful heat treatment to 
reduce the factor of brittleness to the minimum. 

Where mass production is under consideration, the carbon content 
becomes the most important consideration because it is essential to rapid and 
continuous working that standard fixed temperatures should be adopted for 
heat treating the parts. Wuth plain carbon steel a change of 0*01 per cent, 
carbon means a change of 3*5° C. in the upper critical range, and as it is quite 
usual to find the steel makers supplying steel ranging from 0*14 to 0*24 per 
cent., it will be necessary to vary the refining temperature {i.e. after carburis- 
ing) by Sb"" C. at least to obtain a good core. This variation cannot be neglected 
as the quality of the core is closely dependent on the temperature of refining, 
and in practice only permits a tolerance of about 10° C. In fact, with the 
exception of tool steel, the refining and hardening of carburised mild carbon 
steel demands closer attention than any other heat treatment. 

Thus steps should be taken to ensure a supply of steel which always possesses 
the same carbon content, allowing a tolerance of 0*04 per cent. 
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The tensile strength of the core of a plain carbon steel when correctly heat 
treated will be approximately 35 tons per square inch for a steel containing 
0*15 per cent, carbon and 0*75 per cent, manganese. A change of 0*01 per 
cent, in the carbon wiU account for a change of approximate^ 1*5 tons per 
square inch in the tensile strength. 

Manganese Content. — This element tends to increase brittleness both in 
the core and in the case, particularly in the latter, as this becomes a high carbon 
steel and is much more sensitive to rapid cooling. A high manganese content 
increases the brittleness produced by the long heating process of carburising 
and retards the good effects of the subsequent refining treafjnent. 

With plain carbon steels it is the usual British practice to allow about 
0*8 per cent, manganese and sometimes 1*0 per cent., while in America the 
manganese content is kept low, about 0*35 per cent, as a maximum Providing 
the carbon content is reasonably low the British practice is not dangerous so 
far as the core is concerned, but it is advisable to keep the manganese down 
to 0*6 per cent, owing to the case, which is liable to crack during quenching 
and also during the subsequent grinding operation if the manganese exceeds 
this amount. Manganese increases the tensile strength of the core. 

With alloy steels the manganese must be kept down to about 0*4 per cent, 
and lower. 

Manganese, on the other hand, increases the hardness of the case and to 
some extent the depth to which the hardening effect of quenching penetrates, 
hence it is of some service where extreme hardness is vital. 

In commercial practice, however, it is usual to employ plain carbon steel 
containing about 0*75 per cent, manganese, and with ordinary care in quenching 
and grinding, the risk of developing cracks is not very serious. With alloy 
steels, however, the manganese should not exceed 0*4 per cent. 

Sulphur. — This element if present in large amount will cause trouble 
during forging and stamping due to the “ red shortness ’’ it imparts to the 
steel. If sufficient manganese is present the effect on cold metal is not great, 
although it exists as a separate body (manganese sulphide) and therefore breaks 
the continuity of the structure. 

It should not exceed 0*07 per cent, in am^ steel, and should be as low as 
0*05 per cent, in alloy steels. 

Sulphur appears to have a softening influence and will tend to prevent the 
case attaining the hardness desired, but as a rule the steels usually supplied do 
not contain enough to cause trouble in this manner. Sulphur may, however, 
enter the steel from the carburising compound and so give trouble, such as soft 
spots, etc. 

Phosphorus. — ^The tendency of this element is to produce brittleness in 
jboth case and core. If present in large amount there is usually associated 
with it other troubles such as segregation and banded structures, which may 
cause peeling of the case during quenching and grinding. 

It is, however, the practice of some firms to use a high phosphorus steel on 
account of the improved machining qualities which result from its presence. 
Thus such steels wiU contain as much as 0*16 per cent, of phosphorus. This 
practice is fraught with danger, and can only be ^opted for certain unimportant 
parts where the depth of case is small and no grinding foUow s the case-hardening 
operation. 

The phosphorus should not exceed 0*06 per cent, for carbon steels, or 0*05 
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per ceht. for alloy steels, although it is common to employ steels containing up 
to 0*07 per cent. 

Silicon. — ^The amount of silicon found in most steels has little or no 
influence on its properties, and its presence therefore need not be seriously 
considered. The usual amounts found are from 0*1 to 0*2 per cent. The 
maximum limit should be about 0*25 per cent, in either carbon or alloy steels. 

Slag . — ^When present in small amoimts, slag has httle influence on case- 
hardening steels, and may in fact impart increased dynamic strength to it. It 
is actually added or allowed to remain in the steel to meet the demand for a 
steel which will give a high impact test value. This effect is dUe to the fact that 
the slag, which is insoluble in the steel, is rolled out with it and finally takes the 
form of streaks or layers separating the metal. These streaks, of course, run in 
the direction of rolling or forging, and tend to prevent a crack (if it should 
start) proceeding across this direction. Now, as it is usual to machine the 
impact test piece so that its length is the direction of rolling or drawing, the 
slag exerts its greatest influence in preventing the rupture or crack taking 
place. This is shown by Fig. 80, on p. 125, where this effect is fully explained. 

Although this is the case so long as the test is carried out in this manner, it 
is found that the slag confers weakness in the direction of rolling, a crack 
easily travelling along the slag streak, and a transverse test piece (^.e. 
across the direction of rolling) would give a very low value. A good steel 
containing a small amount of slag should give an impact value taken across the 
bar of about twice that taken along the bar, ?.e. the resistance to shock or 
rupture across the direction of rolling should be twice that along the direction 
of rolling. 

However, apart from the consideration of the dynamic strength, the presence 
of slag has an important bearing on the carburised surface. The case of a case- 
hardened part may be considered as consisting of a number of lay ers of steel having 
different carbon contents, and therefore tending to behave differently so far 
as internal stresses are concerned. Should a layer or streak of slag happen to 
be separating two layers of the case, the cohesion is lost and the case will peel 
or flake off. This is a great source of danger, especially when the slag streak 
runs out to the surface as is often the case in forgings ; after machining, the 
tongue of high carbon steel so produced breaks away at once and peels off. 

Raw Material. — ^The steel is usually supplied in the form of billets, black 
rolled bars, or drawn bars, all of various sections to suit the requirements of 
the user. The billet material is required for forgings and stampings, and as 
a rule the steel makers do not take any special pains over the quality of the 
structure of the steel, because of the expected forging operation. The black 
rolled bar is also generally employed for forging and stamping, but may in 
some cases be machined direct into the parts for which it is intended. Drawn 
bar is, of course, machined direct. 

All three forms of the material are likely to suffer from one or more of the 
following defects, and it is always advisable to inspect the steel on arrival for 
these. 

Defects Found in Case-hardening Steels 

(1) Roaks, laps, and other surface cracks. 

(2) Segregation, lamination, and seams. 

(3) Slag inclusions — fibrous structure. 
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The first group are surface defects due to a great extent to the rolling and 
drawing operations. These are more common in alloy steels than in cn/bon 
steels, and are often so serious that billet and black rolled bars are rendered 
useless for stamping and forging. 

The cracks or flaws generally rim lengthwise, i.e. in the direction of rolling, 
and although they may not be deep they will open out, during stamping, to 
an alarming extent, and to such a depth that they still exist in the part after 
machining. Laps are not common and soon show up. They are caused by 
one portion of the metal being forced over another portion during rolling, 
the two portions not welding together because of the scale on their surfaces. 
They take the form of tongues of metal lying flush with the surface of the 
biUet. 

In drawn steel, it is common to find very fine so-called “ hair lines ’’ or 
“ hair cracks ” running for a considerable distance and penetrating only to a 
slight depth, although in some instances these cracks may go as deep as 2 mm. 
The surface may also be pitted with small impressions due to the incomplete 
removal of the scale before the final drawing operation ; the scale being pressed 
into the metal. 

The above defects can be seen, and bad billets or bars thrown out before 
any work is done to them, but in the case of the second and third groups of 
defects discovery is not so easy or certain. Yet they influence the quality 
of the case-hardened work to a very great extent, more so than if the steel was 
intended for ordinary heat treatment such as hardening and toughening. The 
freedom from defects due to segregation and slag inclusions, etc., is more 
important with case-hardening steels than with any other except tool steels. 
Thus these steels should be examined for such defects and complaints made 
to the makers when the steel appears charged with much slag or possesses a 
strongly marked banded structure. The presence of much slag can be quickly 
discovered by breaking a piece of the bar and noting the quality of the fracture, 
A coarse fibrous fracture at once indicates excessive slag inclusion. Seamy 
steel is also discovered in this manner, the steel appearing to separate into 
different layers, the inside surface of which may be slightly discoloured. This 
latter defect is due to gas inclusions, the blowhole in the original ingot having 
been drawn out during rolling, and the metal not having welded together. 

Segregation and the laminated or banded structui;ps that result from it 
are not easily seen except under the microscope. Some examples of these 
defects are shown on pp. 159-161, where these and the other defects mentioned 
above are dealt with in greater detail. 

The effect of slag in causing the case to peel off is already referred to in the 
paragraph on slag. The same trouble is also likely to occur with banded steel 
Such banded structures are often found in nickel steels and in the other alloy 
steels, but not so often in carbon steels. 

Forging. — ^The forging and stamping of plain carbon case-hardening steels 
presents no difficulty, but with nickel and nickel chrome steels this operation 
requires more care and consideration. In the case of nickel steels containing 
up to 3*0 per cent, nickel the forging and stamping properties are about the 
same as mth carbon steel. When, however, the nickel content is about 5 or 
6 per cent, the steel requires careful heating and stamping. These high nickel 
steels are often unsoimd and possess many surface cracks which open out 
during forging. 
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Nickel chrome steels are more difficult than nickel steels to forge, the addi- 
tion of chromium appearing to render the steel less 23lastic. The preliminary 
heating requires careful attention and heavier blo^^ s are necessary in order 
to work the steel into its final form. These steels, like nickel steel, often 
develop fissures due to surface cracks or roaks and must therefore receive 
careful inspection. 

The forging temperatures of both carbon and alloy steels are greatly 
neglected by the drop stamper, who in his endeavour to shape the jjieces with 
as few blows as possible will heat the billets to very high temperatures. This 
common mistake is dealt with in Chapter X, but for convenience the following 
limits for the forging temperatures are given here. 


Forging Heats for Case-hardening Steels 


Carbon steel (010 to 0‘20) 

Nickel steel (3 per cent. Ni) . . 

,, ,, (5 to 0 per cent, Ni) 

Nickel chrome steel (2 per cent. Ni, 0*8 per cent. Cr) 

„ ,, (2*5 per cent. Ni, 1 per cent. Cr) 

,, „ (4*5 23er cent. Ni, 1*5 per cent. Cr)° 


Temperature. 

950° to 1,100° C. 
900° „ 1,150° C. 
1,000° „ 1,200° C. 
950° „ 1,100° C. 
950° „ 1,100° C. 
1,000° „ 1,150° C. 


The remarks concerning the heating of alloy steels also apply to the cooling 
after forging. This, especially with the high nickel chrome steels, should be 
carried out in a sheltered spot on a bed of ashes. 

In general, nickel steel can be finished at a higher forging temperature 
than carbon steel because the structure does not coarsen to the same extent 
and the forgings are therefore in a better state. For this reason nickel steel 
should be favoured since the subsequent heat treatment becomes an easier 
operation. 

Machining Properties, — ^The machining properties of case-hardened 
steel should be considered both in the normal or annealed state and in the 
hardened state. This latter state must be considered because portions of the 
core may have to be machined after the case-hardening operation is finished. 

It is also necessary to consider the machining quality of the steel after 
undergoing the carburising operation. This is essential as many parts 
receive further machining between this operation and the final hardening 
treatment. 

Then the machining quality of the carburised surface (i.c. containing the 
high carbon) is also important because in many cases those portions which 
are to remain soft in the finished part have an excess amount of metal left 
on, which is then machined off after carburising, leaving a space free of any 
case. This operation of machining must, of course, involve the removal of the 
carburised zone. 

Throughout aU these conditions (excepting the final hardened state) the 
possibility of aimealing the work should be considered because the saving 
in machining times, and wear and tear of the tools, may more than compensate 
for the additional expense of the annealing process. 

The machining properties of a steel are more or less correlated to the hardness 
as expressed by the BrineU machine. This quick and easy test forms a valuable 
guide and should be used more often than at i)resent to settle the very important 
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question of the cutting properties of materials. The following table is ^veii 
as an approximate guide as to the Brinell hardness of different case-hardening 
steejs at the various stages in its handling and treatment : — 


Before Carburising. Core after Carburising. j Case. 


Class of 
Steel. 

Normalised. 

Normalised 

and 

Annealed. 

i 

j As removed 
i from Box. 

! 

Carburised 

and 

Annealed. 

Refined 

and 

Hardened. 

As removed Annealed 
from Box. | ^nneaiea. 

Carbon 

0*10 per 
cent. 

95 

6 *0 mm. 


90 

6*15 mm. 

— 

118 

5*45 mm. 

217 

4*1 mm. ; — 

1 ■ 

Carbon 

0*18 per 
cent. 

99 

5 9 mm. 

— 

90 

0*15 mm. 

1 

i 

— 

150 1 

4*8 mm. 

1 

' 217 

1 4*1 mni. — 


Nickel 

Ni2*5 

C 0*15 

114 

5*55 mm. 

105 

5*75 mm. 

• 

114 

5*55 mm. 

105 

5*75 mm. 

166 

4*65 mm. 

262 

3*75 mm. 

235 

3 *95 mm. 

Nickel 

Ni3*0 

C 0*15 

131 

5*20 mm. 

114 

5*55 mm. 

137 

5*10 mm. 

114 

5*55 mm. 

196 

4*30 mm. 

268 

3*60 mm. 

235 

3*95 mm. 

Nickel 

Ni 5*0 

C 0*15 

156 

4*80 mm. 

137 

5*10 mm. 

166 

4*65 mm. 

149 

4*90 mm. 

235 

3*95 mm. 

311 

3*45 mm. 

262 

3*75 mm. 

Nickel 

Ni 0 *0 

C 0*15 

179 

4*50 mm. 

156 

4*80 mm. 

187 

4*40 mm. 

166 

4*05 mm. 

262 

3*75 mm. 

311 

3*45 mm. 

268 

3*60 mm. 

Nickel 
Chrome 
Ni 2 *0 
Cr0*8 : 

C 0*15 

149 

4*90 mm. 

137 

5 *10 mm. 

■ 

i 

1 

179 

4 *50 mm. 

149 

3*90 mm. 

262 

3*75 mm. 

311 

3*45 mm. 

i 

! 

262 

3*75 mm. 

Nickel 
Chrome 
Ni 3 *0 
Cr0*6 

C 0*15 

183 

4*45 mm. 

156 

4*80 mm. 

196 1 

4*30 mm. 

1 

183 

4*45 mm. 

311 

i 3*45 mm. 

i 

314 

: 3*20 mm. 

268 

3*(>0 mm. 

Nickel 
Chrome 
Ni 3 *5 

Cr 1*0 

C 0-15 

196 

4*30 mm. 

183 

4*45 mm. 

235 

3 ’95 mm. 

207 

4*20 mm. 

332 

3 ’35 mm. 

418 

3*0 mm. 

268 

3*60 mm. 

! 

Nickel 
Chrome 
Ni 4*5 

Cr 1*5 

C 015 

228 

4*0 mm. 

196 

4*30 mm. 

269 

3 70 mm 

235 

3 ’95 mm. 

364 

3*20 mm. 

460 

2*85 mm. 

311 

3*45 mm. 


Y 
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It will be noticed that hardness numbers are given for the aUoy steels 
while in the “ normalised and annealed ” condition, before carburising. It 
would appear unnecessary to amieal after normalising, but in practice it will 
be found that in many cases, especially with the high nickel and the nickel 
chrome steels, hard spots are found in the steel after normalising, and although 
these do not alter the average Brinell hardness they have a considerable effect 
on the tools, particularly during such delicate machining as gear cutting, pro- 
filing, or dr illin g. This annealing process is quite simple (see Chapter X, 
“Annealing some Alloy Steels and consists only of heating the parts up 
to 650'' C., soaking 30 mins., and then cooling in air. It applies equally well 
to all the steels mentioned. 

The nickel chrome steels have a tendency to self-harden which is very 
pronounced as the percentages increase. This further accounts for the steel 
being hard when removed from the carburising pots, and is particularly notice- 
able in the case itself. The annealing treatment just mentioned will tend 
to correct this, although when the case is super-saturated (^.e. contains free 
cementite) it will fail, and it will become necessary to anneal at a higher tempera- 
ture above the Kcm point (about 850° C.), and cool exceedingly slowly in 
the furnace itself.* The free cementite is then diffused and the case will be 
soft. 

The Brinell hardness numbers given for the case in the table are mainly 
imaginary, since it is not possible to obtain true measurements with this machine 
unless the case is very deep and the core very strong. Scleroscope readings, 
however, can be taken and these may be converted into Brinell hardness 
numbers. The chief point about the table is*that it serves as a warning as 
to the possible hardness of the steel in its different states, and as such should 
prevent impossible tasks being put on the machine shops. In connection 
with the table, reference should be made to the table given on p. 206 dealing 
with the relation of the cutting properties of steel to the Brinell hardness 
numbers. 

The finish of the machined surface is a factor that is often neglected. A 
rough finish will often lead to the development of cracks in the case, due to 
the sharpness of the grove or cut at the bottom, and also because of the ragged 
edges at the top of the grooves. Sharp comers should be avoided, and all 
shoulders should have a radius so that hardening cracks are not induced so 
readily. 

Heat Treatment — ^The carburising and the subsequent operations of 
refining and hardening are dealt with in Chapter X. 

The facility with which a steel can be heat treated and its susceptibility 
to injurious influences during treatment should always be considered when 
selecting it for a given purpose. This is specially important with case-hardening 
steels. For this reason the table given on p. 315 is arranged to give a brief 
indication of the simplicity or otherwise of the heat treatment required for 
the particular steel referred to. 

Carbon steel, although used so extensively for case-hardened parts, is really 
not a simple steel to heat treat. It sometimes suffers badly at the hands of 
the steel stamper or forgeman, who finishes his work at a high temperature 
and so produces a coarse stmcture necessitating a careful normalising treatment. 
The process of carburising itself produces an open coarse stmcture which 
is not readily refined in some instances. This refining treatment, too, must be 
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conducted within close temperature limits (10° to 15° C.) to secure goc d cores 
with high impact test values. The variation in the carbon content necessi- 
tates variations in the refining treatment temperature. Li fact, for work 
requiring the highest standard of ‘‘ material ” efficiency carbon steel is trouble- 
some. On the other hand, its cheapness compels the engineer to employ it 
wherever possible and for work not requiring the highest efficiency it should 
certainly be used. Under the conditions of mass production with standard 
fixed temperatures for carburising and refining, etc., the cores of parts treated 
successively will be found to vary slightly from a crystalline fracture to one 
which is silky (velvety) or partly fibrous. The dynamic strength as represented 
by Izod impact tests will vary from 30 to 90 ft.-lbs. 

A low nickel case-hardening steel will be found much easier to handle 
commercially because of the retarding action of nickel on grain growth. This 
feature enables better stampings and forgings to be produced, and also prevents 
the development of a coarse stracture during carburising. Thus the amount 
of refining to be done is very little and, as an operation, can be omitted al- 
together for many parts. Further the hardening operation (for the case) can 
be performed by quenching in oil instead of water (which must be employed 
for carbon steel). Hence the distortion is reduced, since oil quenching always 
produces less distortion than water quenching. Carbon steel does not harden 
when oil quenched, and therefore must suffer from the distortion due to water 
quenching. 

This important advantage of nickel steel also reduces the danger of 
hardening or quenching cracks. 

Then the temperature limits for carburising, refining (when desired), and 
hardening need not be so narrow as in the case for carbon steels. This, from 
the point of view of quantity production is most important, since there is not 
the need for so close a control of the furnaces, and the work produced is more 
regular in its quahty. This fact is demonstrated by results obtained by 
quenching a series of test bars in oil from various temperatures over a range 
from 760° to 900° C. These results are shown graphically by Fig. 175. 

From this series of tests it will be seen that over a range of 100° C., from 
780° to 880° C., good results are obtained with single quenching only {i.e. 
doing both tj;^e refining and hardening at one heating). The best results are 
obtained in the vicinity of 820° C., when the impact value is highest. 

It is often asserted "that nickel steel does not carburise so rapidly as carbon 
steel. Although this is the case with the higher nickel steels (5 to 6 per cent.), 
it is not so with the low nickel steels (2 to 3 per cent.), which take up the carbon 
with the same facility and speed as plain carbon steels. Thus so far as speed 
and depth of penetration are concerned the two steels are equal, but here again 
nickel steel shows to advantage in that the line of demarcation between 
the case (carburised area) and core is not so sharp or abrupt : the carbon 
gradient is less steep with nickel steel than with carbon steel, and in consequence 
there is not the same risk of peeling or flaking off. 

With carbon steel, especially if the carburising is done at a high temperature 
(950° C. to 1,000° C.), the change from the high carbon zone to the low carbon 
or original steel is very marked, and the stresses set up in the case (tension 
stresses) on hardening wfll often cause the case to leave the softer metal under- 
neath, and cracks are formed which may eventually lead to ^eUng of the case. 
This trouble, which is referred to as “ exfoliation,’’ is not infrequent, and in 
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many instances does not develop until the grinding stage is reached when, if 
this is not carefully carried out, the sudden and local heating sets up cracks 
in the stressed metal and this, once partially released, peels off spontaneously. 

With high nickel steels (5 to 6 per cent, nickel) the heat treatment is not 
so simple as with low nickel steels. The rate of penetration of the carbon 
during carburising is slower, and to obtain the same depth of case longer 
periods must be allowed for this operation. The grain growth is slow and 
therefore the refining operation is not necessary in every case ; the single 
heating and quenching for hardening being sufficient. Oil quenching should 
be resorted to because w^ater quenching is too drastic, especially if the steel 
contains about 0*2 per cent, carbon. 

Nickel steels sometimes contain small percentages of chromium, which 
is introduced into the steel from the scrap alloy steels used in making. These 
small amounts up to 0*25 jjer cent, do not influence the behaviour of the steel 
appreciably, and can be neglected. They probably improve the steel to a 
slight extent. 

Nickel chrome steels require more care than nickel steels in heat treat 
ment especially if the carbon content exceeds 0*2 per cent. These steels possess 
the advantages that nickel steels have over carbon steels in regard to grain 
growth and the gradual change from the high carbon zone to the low carbon 
core. They carburise more rapidly, as a rule than carbon or nickel steels, 
an<l generally give a harder case due to the influence of the chromium. 

The temperature limits for the refining and hardening treatments, however, 
caimot be made so great as with nickel steels, but as a rule are wider than 
those required for carbon steel. The necessity for refining after carburisa- 
tion is not so great and, as in the case of nickel steel, can be omitted for many 
parts. It is, however, advisable to give all important parts this treatment 
because the improvement obtained is fairly considerable, more so than m the 
case of nickel steels, and as nickel chrome steel is usually only employed 
for highly stressed parts, the fullest advantages of the steel should be 
obtained. 

The great hardness imparted by chromium to the case makes these steels 
invaluable for heavy w ear, and as this hardness is easily obtained by oil quench- 
ing the minimum distortion is secured wdth the maximum of hardness. Nickel 
steel does not produce so hard a case as either carbon steel or nickel chrome 
steel, and for very hard wear is inferior. 

The low nickel chrome steel (2*0 per cent. Ni, 0*8 per cent. Cr) can be 
treated like low nickel steel except that it is advisable to refine after carburisa- 
tion. The temperature of carburisation should be kept low, and not exceed 
920® C. on account of the tendency for free cementite to form in the case, 
with the consequent danger of cracking. 

The higher nickel chrome steels (4*5 per cent. Ni, 1*5 per cent. Cr) are more 
sensitive to bad treatment, and should not be carburised at higher temperatures 
than 920° C. Generally, splendid results are obtained with a single refining 
and hardening heat combined, and as a rule the best temperature for this is 
quite low (about 800° C.), the quenching medium being oil. 

The nature of the quenching medium is of the greatest importance and 
influences the strength of the core and hardness of the case to a surprising 
extent. This is particularly pronounced with alloy steels, where water quenching 
will give tensile results often 50 per cent, higher than those obtained with oil. 
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This is shown clearly by Figs. 174 and 175, w'hich are graphs of the results 
obtained by quenching in water and in oil a nickel case-hardening steel (con- 
t lining 2*83 per cent, nickel and 0*16 per cent, carbon). A series of test bars 
IJ- in. diameter were carburised, machined down to | in. diameter, and then 
heated to various temperatures, some being quenched in water (Fig. 174), 



Fig. 174. — Nickel Case-hardening Steel. Effect of water quenching, one heat only, at 
different temperatures as shown. All test bars were carburised and turned to 
I inch diameter. Analysis : C 0*16, Mn 0*58, Ni 2*83, Cr 0*20. 

and the others quenched in oil (Fig. 175), Such results, however, are obtained 
at the expense of the dynamic strength, and are often accompanied by serious 
distortion. Quenching in boiling water will give results more comparable 
with oil quenching, and this is sometimes recommended. But if an alloy 
steel is decided upon for a particular part then it is advisable to select one which 
will give the desired strength with oil quenching, for not only is the risk of 
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distortion minimised, but the results will be more uniform since oil quenches 
just as well when moderately hot as when cold. 

With the low nickel steels the greatest hardness of the case is only obtained 
by water quenching, but with the higher nickel and nickel chrome steels no 
advantage is obtained by water quenching, and with high nickel chrome steels 
^a harder case is obtained by oil quenching than with water quenching, while 
such steels will harden appreciably in air alone. 

AU case-hardened parts should be tempered at a temperature of 150° to 180° 



Fia. 176. — Same Steel as Fig. 174. Effect of oil quenching instead of water. 

C. to reduce the tendency to chip ’’ at sharp projecting comers such as the 
teeth of gears, kej^ays and splines, etc. This simple operation will add con- 
siderably to the life of the parts, and prevent much annoyance without in 
any way reducing the hardness of the case. 

Distortion. — In the foregoing paragraphs reference is made to the influence 
of oil quenching in reducing distortion. Since carbon case-hardening steels 
can oriy be hardened by water quenching, it is evident that when distortion 
is an important factor, an alloy steel which will harden in oil must be used. 
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Further, every time a steel is heated and quenched the distortion, whether 
it be expansion or contraction or both, is increased, hence an alloy sleel lil^e 
nickel steel which only requires one heating and quenching must be better 
than one that requires two heatings and quenchings after carburisation. 

For this reason the alloy steels are preferable to carbon steels, and if used 
for case-hardened gears will be found to give little difficulty through change 
in size. This is important because the necessity for gear grinding is eliminated, 
and with it the disturbing feature of cracks in the case. 

Further the straightening of shafts, spindles and other parts is a safer 
operation with the nickel and low nickel chrome steels than with carbon 
steels, particularly after the carburising operation. This is mainly due to oil 
quenching in the case of hardened parts. 

Strength of the Core. — ^With carbon steels the strength of the core is 
dependent not only on the carbon content but on the completeness of the 
refining operation. The dynamic strength is particularly susceptible to the 
latter factor, more so than to the carbon content, while the tensile strength is 
less affected. Therefore the temperature of carburisation should be kept low 
(900° C.) to prevent the development of a coarse-grained structure and 
thus make the refining operation an easier and less uncertain one. 

Apart from the increased strength due to their composition, the otrength 
of the alloy steels is not so susceptible to the temperature at which the refining 
operation is carried out, but it is influenced very greatly by the medium used 
for quenching in the hardening operation. 

Tests on 6-per-cent. Nickel Steel. 


Quenching Medium. 

VTield. Ultimate. 

Tons per sq. in. Tons per sq. in. 

Elongation 
per cent. 

Reduction of 
Area per cent. 

Impact, 

ic.-lbs. 

Cold water, 20° C. 

79-9 

83 0 1 

14-5 

1 48*4 

39 

Boiling water, 100° C. 

30*9 

43 0 

25-0 

56-8 

45 

Oil, about 30° C. 

49-3 

62-7 

190 

1 54-5 

33 


The hardening temperature can be raised considerably without causing 
much change in the tensile strength, but the dynamic strength is more dependent 
on this and a best temperature can be found for eacli steel, which gives 
a maximum impact figure, and any variation from this wiU cause a falling off, 
the rate of which depends on the steel, and on the quenching medium : oil 
giving the lesser rate of faUing off. 

The effect of varying the treatment after carburising is shown by Figs. 176, 
177, and 178. These three graphs represent the results obtained with a series 
of test bars all of the same composition (C 0*18, Mn 0*56, Ni 2*57, Cr 0*06). 
These bars (1 J ins. diameter) were carburised at the same temperature (900° C.) 
for 8 hours, cooled in the box, and then machined to | in. diameter. They 
were then divided into three sets ; the first set being heated to various tempera- 
tures and then quenched in oil (Pig. 176). The second set were all quenched 
in oil from 850° C. and then reheated to various temperatures and quenched 
in oil again (Fig. 177). The third set were heated to various temperatures 
and quenched in oil, and all were then reheated to 780° C. and quenched in 
water (Fig. 178). 
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Comparing the results of the first and second sets it will be noticed that 
the single quenching in oil produces a higher average tensile strength than the 
double quenching in oil. On the other hand, the double quenching gives a 
higher impact value. The average tensile strength of the third set is higher 
than that of the other sets, this being due to the final water quenching. The 
impact values are higher than those obtained with a single oil quench but 
lower than those obtained with double oil quenching. 
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Fig. 176. — Nickel Case-hardening Steel. Effect of oil quenching, one heat only, at 
different temperatures as shown. All test bars were carburised and then turned 
to I in. diameter. Analysis: C 0*18, lifn 0*56, Ni 2*57, Cr 0 06. 

Grinding. — The greatest difficulty in producing a finished ground case- 
hardened surface is the prevention both of cracks and the development of 
l)eeling. This serious trouble generally shows up during the process of grind- 
ing and is usually attributed to defective carburising and heat treatment. 
A close investigation, however, soon reveals the ^t that it is the grinder 
who is more often at fault. ^ 

This troublesome feature opens up so much coattoversy, and often appears * 
so difficult to solve that it is advisable to consider^here all the possible causes 
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of cracking, chipping, and peeling of the case. Reference has already be.>n made 
to this in previous paragraphs, but, for convenience, the subject is dealt with 
completely in the foUowing lines. The possible causes of cracks are tabulated 
below. 

(1) Faults in the original material : high manganese content, slag inclusions, 
high phosphorus content, segregation troubles such as banded structures! 
surface defects due to rolling and drawing. 

(2) Faults due to stamping and forging : laps, seams, overheating. 



7B0 600 620 640 

T^emperaitur e C ent . 


Fig. 177-— Nickel Case-hardening Steel (same as Fig. 176). Effect of double quenching, 
i,e. two successive heatings and quenchings. All test bars were carburised and 
then turned to | inch diameter, then quenched in oil from 850° C. and reheated 
as shown and then quenched in oil. Analysis : C 0*1 8, Mn 0*56, Ni 2*57, Cr 0‘06. 

(3) Rough machining : coarse feeds producing ragged surfaces, sharp 
corners and edges, ragged edges. 

(4) Design of parts : key ways, grooves and slots, holes situated close 
to the edge leaving only thin sections of metal, hollow parts of thin section 
and deep case, thin fins, shoulders or sp’^ots, screw threads. 

(5) High temperature carburisation producing free cementite c. network 
form (or as needles), high phosphorus content in case due to use of poor car- 
burising compound containing large amounts of phosphorus, exfoliation or 
sharp demarcation of case due to rapid carburising or high temperature. 
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(6) Refining temperature not high enough to reduce coarse crystalline 
structure of core, thus making the steel difficult to straighten or “ true up,’' 
also not high enough to dissolve free cementite caused % high-temperature 
carburising. 

(7) Hardening temperature not low enough to refine the case {i.e. to reduce 
the coarse crystalline structure to a fine-grained one), sudden heating by placing 
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Fig. 178. — Same Steel as Figs. 176 and 177. Effect of double heating, quenching 
first in oil and then in water. All test bars were carburised, turned to | inch 
diameter, heated to various temperatures as shown, and quenched in oil, then 
reheated to 780° C. and quenched in water. 

cold parts into heated furnace so that projecting parts come into contact 
with hot floor. 

(8) Quenching troubles — water too cold, heated metal splashed before 
actual quenching. 

(9) 'Straightening or trueing up after carburisatw, and after hardening. 

(10) Grinding: lack of cooling lubricant, use>jj;ff close hard wheels, lack 
of clearance, coarse feed and traverse, high spe^s, , 
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To these may be added other causes due to local conditions and careless 
handling in transport. 

Dealing with the above causes or faults in turn : reference has already 
been made to the ill effects of slag, segregation, and banded structure (see 
pp. 318-9), also the effects of surface faults such as seams, roaks, due to 
rolling and drawing. The effect of manganese in increasing brittleness is 
mentioned on p. 317. Chromium also tends to induce cracks during grinding, 
but its influence is not so serious as manganese. 

The faults due to stamping and forging are obvious. Overheating is 
mentioned because this, in the case of ahoy steels, is not usually rectifled by 
the ordinary heat treatment, and its ill effects (brittleness) stfll persist in the 
finished part. 

Rough machining produces sharp grooves and ragged edges which easily 
start cracks during quenching, especially if water is employed. The machining 
previous to carburising should be moderately good as regards finish, or, better 
still, the carburised parts should be rough ground (while soft) before refining 
and hardening. 

Much can be written about defects in design, but the examples quoted 
will serve as a guide as to the nature of the faults that should be avoided. 
Keyways with sharp bottoms or edges tend to start cracks, and these should 
not be cut out before carburising unless if is intended to have them hard as 
in the case of splines on shafts and in wheels, then the bottoms should have 
a radius, and the edges should have their extreme sharpness removed. When 
a hole exists near the edge of a part so that the section of metal is very thin, 
and the case itself forms the greater part of it, a crack is almost certain to start. 
This is due to the rapidity of quenching at this point, and the extreme tension 
set up in it when the rest of the part cools down. Hollow shafts of thin section 
and with a thick case often give trouble due to distortion in quenching, and the 
subsequent straightening operation strains the metal so much that cracks 
are started up in the case, which itself is already in serious tension. Such 
shafts should be hardened before boring. Thin fins, shoulders, spigots, and other 
projections of small section will often be carburised right through, and. will 
therefore behave like tool steel. These quench more rapidly than the body 
of the part, and are therefore subjected to severQ internal stresses, with the 
result that they split off and crack. WTien carburised right through they 
lack the support of a tough core and consequently easily snap off. 

Screw threads should not, of course, be machined until after the carburising 
operation. If already present and if carburised they wiU easily cause cracks 
and must be softened after hardening by local heating 'with a blowpipe, etc. 
Or they should be protected with some kind of anti-carburising compound 
or paint. 

The effects of high temperature carburising have been dealt with elsewhere 
(see p. 219). The presence of the fine network and needles of free cementite 
is serious because of the extreme weakness of this constituent, and the paths 
of weakness it sets up. The use of high phosphoric carburising compounds 
is dealt with on p. 215. This element always induces brittleness, but, 
fortunately, the compounds supplied by reliable firms are usually fairly low 
in phosphorus (in its unstable form). 

The refining temperature only influences the cracking trouble in so far 
that it affects the core, and if not high enough will make straightening of shafts^ 
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etc., a more difficult operation. Also the reduction of free cementite from 
its network or needle form to a less dangerous form can only be accomplished 
by high refining temperatures. 

The hardening temperature for the case is important, since the coarseness 
of the grain structure depends very much on this, particularly with carbon 
steels. With nickel or nickel chrome steels it is not so important since the 
grain size is generally not large. A coarse-grained structure in the case is fatal 
since it will cause chipping, cracking and flaking, and is in fact the most common 
source of these troubles. This temperature therefore should be watched 
very closely with carbon steels. With nickel steels the trouble does not occur 
much, but with nickel chrome steels it is a little more common, although to 
nothing like the same extent as with carbon steels. The sudden heating, 
especially if local, will readily cause cracks in parts which have only been 
refined. These are already hard, but because the refining temperature is high 
the grain size of the case is large and therefore weak and brittle. Being under 
tension already the sudden application of heat easily causes a crack to start. 
The hot air of the furnace will do little harm, but by placing the part in 
contact with the furnace floor those parts which rest on it heat up at once 
and the damage is done. With camshafts and other parts with projections 
this is a common source of trouble — such parts should be preheated or 
suspended in the furnace in jigs or fixtures. 

Quenching is not often the cause of much trouble, although it is at this 
stage that most hardening cracks appear. The cause of the cracks as a 
rule is some defect such as those referred to above. With carbon steel 
requiring water quenching the water can be too cold, and any tendency to crack 
is then emphasised by the more rapid cooling. Thus, water taken from a 
running stream in winter may cause more cracking than in summer because 
of its lower temperature. A source of trouble is splashing, which produces 
;local hardening and sets up conditions similar to those mentioned under 
•defects in design. 

Straightening and trueing up after carburisation and after hardening is 
' always a drastic operation in so far that the material must be stressed beyond 
the yield point or elastic limit to take up a permanent strain. Thus the stress 
approaches the maximum required to break the steel, and, therefore, with the 
rather crude methods in vogue for carrying out this operation it is not sur- 
prising to find cracks developing after the parts have been straightened. With 
carbon steels the elastic limit is usually about 50 to 60 per cent, of the maximum 
breaking load, while with alloy steels it is more nearly 80 per cent., which thus 
accounts for the greater difficulty in straightening alloy steel parts and their 
tendency to crack or break more often than carbon steel parts. The margin 
between the yield of the metal and the actual breaking stress is narrower than 
with carbon steel. While many of the cracks produced during straightening 
can be detected immediately, there are many very minute ones which are 
not visible until after hardening or until after grin^g. For this reason the 
straightening operation should be provided for in the design of the spindle 
or shaft by arranging for portions to be left soft in the finished part. Spaces 
between journals and other parts which must be Ittd should have an excess 
of metal left on them and this should be removed a^r carburising so that no 
case is left. Thus in the hardened shaft these ijbrtions are free from the 
delicate, brittle high carbon skin and will give re^gSily under the force of the 
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press used for straightening. By this means lower initial stresses a e set up 
in the shaft, since it takes less force to deform these soft portions, and also the 
cnse-hardened portions are practically free from bending stresses. 

The grinding operation is without doubt one of the most difficult. The 
very nature of case-hardened vsteel will at once explain this : a thin skin of 
hard, brittle, and comparatively non-elastic steel (the case) enveloping under 
great tension a large mass of softer and totally different material (the core) 
represents the piece that is to be ground. The procedure of grinding is itself 
of a drastic nature, and the combination is not a happy one. Yet the average 
grinder will proceed as though the article was made of solid tool steel, and it is not 
uncommon to find that dry grinding is being employed mstead of wet grinding, 
vvdth resulting disaster. The essentials to successful grinding may be summed 
up as follows : selection of soft, bonded coarse wheels, plenty of cooling 
lubricant (soda solution) well directed on to the surface b^ing ground, a big 
clearance angle between the w^heel and the work thus causing only a narrow 
portion of the wheel to do the grinding and allowing free access of the cooling 
medium, slow feed and traverse, and slower speeds for the wheel. Grinders used 
to tool work will inevitably meet with trouble as soon as they start on case- 
hardened work, and for this reason careful supervision is required with such 
men. The effect of grinding is to cause local heating, as is demonstrated by the 
sparks which fly off during dry grinding. The action of the abrasive wheel 
is to tear out with great suddenness (and shock) minute pieces of the metal, 
a process which develops a considerable amount of heat locally. This sudden 
heating of a small area of the hardened case reduces its strength at this point, 
and as the metal is under considerable tension in a plane parallel to its surface 
the result is rupture, the metal giving way under this stress. 

The surface after grinding is often soft and a file wiU bite into it. This 
softness, however, only penetrates to about 0’0005 inch, and it will be found 
that below this the metal is quite hard. This soft film of metal is probably 
the result of the heating during grinding, and is difficult to prevent : only 
the greatest care and slowness during the operation will prevent its occurrence, 
and as a rule commercial considerations will not allow such a procedure. 
This peculiarity must not be confounded with the trouble known as soft spots, 
which is quite a different matter and is dealt with under “ Hardness of case.” 
Careless grinding, however, will produce soft spots owing to excessive feeds 
and traverse, and lack of cooling lubricant. 

Hardness of Case. — The hardness of the case should always be tested 
before, as well as after, grinding, in order that the cause of any softness can 
be correctly assigned. 

Unfortunately, there is no really satisfactory method for determinmg the 
hardness of the case. The Brinell hardness machine is useless on account of 
the soft core and the consequent crushing in of the case (by the ball) especially 
with thin cases. The scleroscope is too dependent on the smoothness of the 
surface, which must be carefully prepared — ^an expensive proceeding. In spite 
of the claims made for these two instruments the only practical method of 
testing the hardness is with a file. This rather crude method is surprisingly 
reliable in the hands of a man who has had a little exjDerience ; the presence of 
scale does not influence the test nor does the quality of the surface, w^hich may 
have machine marks or may have been sand-blasted. Of course, when the 
work has been carefully ground the surface is good enough for the scleroscope 
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and for large quantities of the same piece this instrument can be employed, 
but even then semi-skilled hands cannot be relied upon because of the sensitive- 
ness of the instrument to slight variations in the conditions (see “ Scleroscope 
Test,” Chapter VI). The presence of a soft film due to grinding may influence 
the readings of the instrument, and it is always advisable to watch out for this 
defect, and not reject any work giving a low reading until the surface has been 
carefully cleaned with a piece of emery cloth and rechecked. 

A generally accepted term for hardness is “ glass hardness,” but if this 
be taken as a standard it should be imderstood as the resistance to abrasion 
of a good-quality flint-glass bottle. A medium-cut file of about 6 to 8 inches 
length should make no impression on such a bottle, whereas it will on some 
qualities of glass. Thus a well case-hardened piece of steel should not receive 
any scratches from a new file of this size and cut. Perhaps the best guide as 
to the hardness of the surface is the manner in which the file itself is destroyed. 
A really hard surface will instantly round off the cutting edges of the file, 
producing what appears as a white streak along the file. 

When such a surface is being tested it will be noticed that the test is so 
definite, the file glides so easily over it, that no doubt exists about its quality. 

The real difficulty in testing is with those surfaces that are soft enough 
for the file to ‘‘ bite,” and it is then that experience is required to judge as to 
the amount of ‘‘ bite,” i,e. the degree of hardness. Clearly there is not always 
the necessity for a glass-hard surface, nor in commercial work is such a surface 
produced with regularity. It thfen remains to decide what degree of softness 
may be permitted rather than what degree of hardness is desired. 

The hardness test, then, may be described as a limit test for softness since 
no maximum for hardness is fixed. Unfortunately the file test is one requiring 
experience, and its results are only expressed by the “ feel,” results which 
cannot be expressed to any scale. Thus, although the test is a fairly reliable 
ione commercially, it is necessary, for the sake of comparisons and for future 
1 records, to adopt an instrument like the scleroscope. The hardness figures, 
/therefore, in this chapter will be expressed in scleroscope units. 

Now as to the factors that govern the hardness of the case. These are set 
out as follows : 

(1) Richness of carbon content in case. 

(2) Natui*e of quenching medium and cleanliness of same. 

(3) Class of steel used. 

(4) Temperature at quenching for hardness. 

(5) Previous heat treatment. 

(6) Cleanliness of parts both before carburising and hardening. 

(7) Decarburisation during the refining and hardening heats. 

(8) Machining errors. 

The percentage of carbon in the case influences the hardness. With plain 
carbon steel, amounts less than 0*8 to 0*9 per cent, will not give the quality 
known as glass-hardness, hence it is necessary to use a carburising compound 
which is rich enough to produce a case containing 0*9 per cent, carbon. The 
temperature of carburising influences the carbon richness as also does 
the time. Another factor which is controlled b^^he above is the carbon 
gradient or rate at which the riclmess of the carbon^mlls off at different depths 
from the surface. For convenience typical instant's of this are shown by the' 
diagrams, Fig. 179. - ^ 
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The first graph shows the result of carburising at an ordinary rate and 
at a temperature of about 900 — 920® C. The dotted line represents the rich- 
ness of the carbon at different depths in millimetres just after carburising, and 
the full line the final result of refining and hardening. According to this 
diagram the surface of the steel can be ground to a depth of 0*3 mm. before the 
carbon content falls to 0*85 per cent. Such a case will prove to be hard ^d 
satisfactory The second graph shows a very different state of affairs, for 
although the surface after quenching appears hard, it will be seen that as soon 
as 0*2 mm. (0*008 inch) is ground off the carbon content has fallen to 0*75 per 
cent., and in consequence the final surface is not so hard. Such a case is pro- 
duced by rapid carburising (short time), at a higher temperature. The carbon 
content on the outer surface is rapidly raised to above 1 per cent., but the time 
has not been suflScient for the carbon to diffuse to a satisfactory depth. The 
carbon gradient is therefore steeper. 

The rate of cooling affects the degree of hardness, and consequently water 




Fig. 179 — Importance of Carbon Gradient in Case-hardened Parts. The first graph 
shows the result of carburising at the correct temperature with a good compound. 
The second graph shows the effect of carburising at a high temperature for a 
shorter time. 


quenching gives a harder case and hardens to a greater depth than oil quenching, 
but although this is true for carbon steel and the low nickel and low nickel 
chrome steels, it is not true for the high nickel and ordinary nickel chrome 
steels. For the latter oil quenching is preferable since it gives the same degree 
of hardness or, in some instances, a harder case than water quenching. With 
the high nickel chrome steels, water quenching retains the case in an austenitic 
condition, and this is appreciably softer than the martensitic state which is 
produced by oil quenching. Of course other considerations such as the mass 
effect come in and may alter this relationship ; for example, very thin sections 
may give better results by cooling in air instead of oil, which may cool the 
piece too rapidly to permit the change from the austenitic state to the marten- 
sitic condition. 

When water is employed care should be taken to see that it is free from oil 
or grease, otherwise soft spots may be found. 

The class of steel used is also important since one steel may not harden to 
the same extent that another does. For example, nickel steel will not give so 
hard a case as plain carbon steel, while nickel chrome will give a harder case 
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than either. The following table gives the approximate hardness of the 
different steels used : — 



Hardness of Case 



Class of Steel. 

Quenching Medium. 

Scleroscope Hardness 
Number. 

Carbon 

. . j Water, normal temperature 

80 to 90 

Nickel 2 to 3 per cent. 

. . : Oil „ 

75 „ 

80 

Water „ „ 

80 „ 

85 

Nickel 5 to 6 per cent. 

Oil ,, „ 

70 „ 

80 

j Water „ „ 

65 ,, 

75 

Nickel Chrome 

. . Oil „ ,, 

75 „ 

85 

Ni 2 0, Cr 0-8 per cent. 

Water „ „ 

75 „ 

85 

Nickel Chrome . . 

Oil „ „ 

80 „ 

90 

Ni 3 *0, Cr 0 0 per cent. 

Water ,, ,, 

80 „ 

90 

Nickel Chrome 

Oil „ ,, 

80 „ 

90 

Ni 3 5, Cr 1 *0 per cent. 

Water „ „ 

75 „ 

85 

Air „ „ 

70 

80 

Nickel Chrome 

. . Oil „ „ 

80 „ 

90 

Ni 4*5, Cr 1*5 per cent. 

Water „ ,, 

70 „ 

80 

1 Air 

75 ,, 

85 


The hardness of the case also depends on the hardening temperature. This 
is shoum by the curve Eig. 176, which represents the effect of hardening 
and quenching in oil, at different temperatures, of a low nickel steel. The 
scleroscope hardness reaches a maximum at the hardening temperature of 
800° C. 

The treatment previous to hardening has an important influence on the 
case, in so far that it affects the diffusion of the carbon, tending to equalise it 
and thus reduce the carbon richness of the case. Thus a carburised piece of 
steel, if hardened straight away after carburisation, will give a harder surface 
than if it had been heated two or three times previous to hardening. The 
refining heat required for the core always tends to reduce the richness of the 
case by diffusion (apart from decarburisation by oxidation), and therefore for 
this reason should not be prolonged more than is absolutely necessary to attain 
the desired object. Nickel steel and low nickel chrome steel, which give a 
good core and a hard case with a single heating and quenching, have this 
advantage over carbon steel, which must be refined before hardening, i.e. must 
be heated and quenched twice. Further with the alloy steels diffusion takes 
place more slowly than with carbon steel, and even when refining is necessary 
the loss in richness of carbon through diffusion is only slight. 

On the other hand, the refining heat tends to improve the case, in that it 
breaks down the very coarse structure resulting froni carburisation and thus 
renders the hardening operation more effective. With good carburisation, 
producing a case of about 1 per cent, carbon, the refining heat is usually a safe 
operation, the diffusion not being serious enough to lower the richness to below 
0'85 per cent. 
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A common source of soft spots and softness generally is diit or scale 
on the steel. In carburising the presence of dirt or scale will tend to prevent 
the steel taking up sufficient carbon, whilst other portions that are clean 
will absorb the desired amount. The result of this is a soft place where- 
ever the carbon has penetrated only slightly. The use of clay or anti-carbon 
cement which is applied to those portions that are to remain soft may cause 
trouble through careless application and the partial covering of other portions 
which are to be carburised. When copper plating is resorted to, to prevent 
carburisation of the soft places, it is highly important to see that it is com- 
pletely ground off those portions which are to be hardened. Tlie mere removal 
of the copper film is not sufficient, because the copper appears to penetrate a 
slight distance into the steel, and this must be removed entirely. The steel after 
grinding may appear quite free from copper, but on heating and cooling there 
mil stiU be evidence of the copper and while this remains the carburisation 
will not be efficient. The use of clay or anti-carbon cement is liable to bring 
about another trouble, which is the partial carburisation of those portions of 
the steel it is intended to protect. This is brought about by the cracking of 
the clay or cement during heating thus allowing the carbon-rich gases to pene- 
trate the steel at these points. Copper plating, to be effective, must be con- 
tinuous and dense (not spongy). The thickness may be about 0*0004 provided 
the coating is dense, continuous, and adherent to the steel. Unless this condition 
is obtained a certain amount of carbon wull penetrate into the steel. 

Sulphur introduced from the carburising compound wiU produce soft spots, 
but as a rule it penetrates only to a slight depth and the usual grinding 
allowance generally removes any soft portions which result. 

In the refining treatment, subsequent to carburisation, it is not so essential 
that the work should be clean— in fact, where it is highly important to prevent 
decarburisation (by oxidation) asbestos paint can be used to protect the surface. 
But for the final hardening operation cleanliness is most essential and the 
work should be well sand-blasted to remove scale, grease, and other dirt which, 
if left on, would prevent the quenching medium coming into contact with the 
steel, thus losing the full effect of quenching and producing soft spots. 

Too much stress cannot be laid upon the subject of cleanliness before 
carburising and before the final hardening. It is exceedingly annoying to 
finish a cam shaft and then to find one soft spot (only) situated right on a vital 
part cyi one of the cams. The use of vsoda solution for dissolving grease, and the 
sand blast for taking away scale and other hard matter, should never be 
omitted. 

Another frequent source of trouble is decarburisation by oxidation during 
the refining and hardening operations. 

This is caused mainly by the bad adjustment of the air and gas supplies to 
the furnace, and is due to the excess of air, which at once oxidises and scales 
the surface of the steel, and in so doing oxidises a portion of the carbon away 
from the outer layers. Such parts will be quite soft, while at some depth below 
the surface a hard layer will be found, proving at once that the carbon from 
the outer layer has been removed by oxidation. Good adjustment of the air 
supply is the preventative, while as an additional precaution* the presence 

* This precaution is really unnecessary now that efficient heat -treatment fiumaces 
can be obtained. Such furnaces are provided with controls that make it possible to 
maintain a neutral or reducing atmosphere and thus eliminate oxidation troubles. 

Z 
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of a few lumps of coke wall tend to prevent the gases from becoming too 
oxidising. 

A last, but by no means uncommon, trouble is due to incorrect machining 
before carburisation. Parts are often left with an excessive allowance for 
grinding either by design or through carelessness, and when carburised and 
hardened are finally ground to the correct size only to find that the bulk of the 
case has been ground off. The importance of machining to limits which are 
carefully fixed with regard to the depth of case w ill be clearly seen by referring 
to the diagrams, Fig. 179. For a depth of case of 1 mm. the allowance 
should not exceed 0*02 mm. (0*008 inch) on the diameter or 0*01 mm. (0*004 
inch) on the surface, while for -j^g inch an allowance of 0*010 inch on the dia- 
meter or 0*005 inch on the surface can be allowed for final machining and 
grinding. 

Sometimes it is desired to obtain tw’o depths of case on the same part. This 
can be done by leaving an excess of metal on those portions which are to have 
the shallow^er case and then to carburise the whole part to the full depth, after 
which the excess of metal is machined off before refining and hardening. 

Wearing Properties. — The wearing properties of the case are natural^ 
dependent on its hardness, and this has been considered already in the preceding 
paragraphs. The hardness, however, is not ahvays a measure of the wearing 
quality, the structure of the case has an important influence on the wear, and 
it will be seen on referring to Chap. X., that by suitable carburising and heat 
treatment, a case which is chiefly austenitic in character can be obtained, and 
which therefore is comjDaratively soft. 

Also the presence of chromium adds to the wearing qualities of the case- 
hardened surfaces, and where very heavy duty is required a high chrome nickel 
steel should be employed. 

Specifications of Typical Steels. — Some of the principal case-harden- 
ing steels at present in use are mentioned in the table given on p. 321. These 
and one or two more are dealt with in greater detail in the following pages. 
The figures given represent the average range of results obtained in practice. 
The variation in carbon content, especially of the alloy steels, has a great 
influence on the results, and it will be found that in many cases actual tests on 
steels containing more than 0*15 per cent. wiU give results very different from 
those tabulated. The size of the piece and the nature of the quenching medium 
also influence the figures considerably. In the following specifications the 
size of the test bar has been taken at 1 J inches round, and this after carburising 
has been turned down to | inch diameter, refined and hardened while at this 
size. The hardness of the case is not included in these specifications, but a 
table is given on p. 336 showing what degree of hardness can be obtained with 
the principal steels using different quenching media. 


Low Carbon 


Chemical Composition 


Carbon . . 
Manganese 
Sulphur .. 
Phosphorus 
Silicon 


0‘08 to 0*14 per cent. 
0-40 „ 0*60 „ 

Hot more than 0-06 „ 

„ „ 0*05 

»» 99 0*20 ,, 


99 
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Yield, tons per square inch 
Ultimate, „ „ 

Elongation per cent. 

Reduction of area per cent. 

Impact (Izod), ft. -lbs. 
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(Core) 

Hardened. 
16 to 25 
. . 27 „ 33 

. . 30 „ 25 

. . 60 „ 50 

. . 70 „ 50 


Heat Treatments 

Carburise at 900° to 925° C., cool in box. 

Refine core at 920° to 930° C., quench in water. 

Harden at 760° to 770° C., quench in water. 

Temper at 100° to 150° C. (in oil bath), soak 30 minutes, cool in air. This is neces- 
sary only for parts subject to shock. 


Applications 

Camshatts, small spindles for oil and water pumps, and all parts of light section not 
requiring much strength. 


Ordinary Carbon— Grade 1 

Chemical Composftion 


Carbon . . 

0 *14 to 0*18 per cent, 

Manganese 

0*40 „ 0*70 

Sulphur . . 

Hot more than 0*05 „ 

Phosphorus 

99 99 0*05 ,, 

Silicon 

0*20 

Mechanical Tests (Core) 


HarCenei. 

Yield, tons per square inch . . 

21 to 28 

Ultimate, „ „ „ . . 

35 „ 40 

Elongation per cent. . . 

33 „ 27 

Reduction of area per cent. 

65 „ 55 

Impact (Izod), ft. -lbs. 

100 „ 60 


Heat Treatments 

Carburise at 900° to 925° C., cool in box. 

Refine core at 890° to 900° C., quench in water. 

Harden at 760° to 770° C., quench in water. 

Temper at 100° to 150° C. (in oil bath), soak 30 minutes, cool in air. This is neces- 
sary only for parts subject to shock. 


Applications 

This grade of steel may be regarded as the best quality. It will give the most 
consistent results but will, of course, be more expensive than Grade II., which is next 
described, and which is suitable for very many parts in automobile construction. When 
the maximum results are required, such as in aero-engine work, then Grade I. should be 
employed. 


Ordinary Carbon— Grade II 

Chemical Composition 


Carbon . . 
Manganese 
Sulphur .. 
Phosphorus 
Silicon . . 


0-14 to 0*18 per cent. 
0-60 „ J O 


Hot more than 0*07 
„ „ 0*07 

» 0*25 


>> 

99 


99 
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Mechanical Tests (Core) 

Hardened. 


Yield, tons per square inch . . . . . . . . 23 to 32 

Ultimate, „ „ • • . • • . . 38 ,, 44 

Elongation per cent. . . . . . . . . 32 ,, 26 

Reduction of area per cent. . . . . . . 05 ,, 55 

Impact (Izod), ft.-lbs. . . . . . . . . 70 ,, 40 


Heat Treatments 

Carburise at 900° to 925° C., cool in box. 

Refine core at 890° to 900° C., quench in water. 

Harden at 760° to 770° C., quench in water. 

Temper at 100° to 150° C. (in oil bath), soak 30 minutes, cool in air. This 
sary only for parts subject to shock. 


Applications 

Gears, spindles, camshafts, and other shafts. 


High Carbon 

Chemical Composition 

Carbon . . . . . . . . 0-26 to 0*32 per cent. 

Manganese .. .. .. 0*40 „ 0*60 „ 

Sulphur . . . . . . . . Not more than 0*04 ,, 

Phosphorus .. .. .. ,, ,, 0*04 ,, 

Silicon .. .. .. .. „ „ 0*15 ,, 

Mechanical Tests (Core) 

Hardened. 

Yield, tons per square inch . . . . . . . . 28 to 38 

Ultimate, „ „ . . . . . . . 42 ,, 50 

Elongation per cent. . . . . . . . . . . 26 ,, 20 - 

Reduction of area per cent, . . . . . . 55 ,, 45 

Impact (Izod), ft.-lbs. . . . . . . . . 30 „ 20 

Heat Treatments 

Carburise at 880° to 900° C., cool in box. 

Refine core at 840° to 860° C., quench in water. 

Harden at 750° to 760° C., quench in water. 

Temper at 100° to 150° C. (in oil bath), soak 30 minutes, cool in air. This 
sary only for parts subject to shock. 

Applications 

Ball and roller races, and other parts subjected to high local pressure, 
shafts where the torsion stresses are high. 


Carbon . . 
Manganese 
Nickel 
Sulphur . . 
Phosphorus 
Silicon . . 


2 per cent. Nickel 

Chemical Composition 


010 to 0*15 per cent. 
0*30 „ 0*50 
2-0 „ 2*50 

Not more than 0 *05 „ 


0*05 

0*20 


is neces- 


is neces 


Also for 
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Mechanical Tests (Core) 



Normalised. 

; Treatment I. 

Treatment II. 

i Treatment 111. 

Yield, tons per square inch 

20 to 25 

1 32 to 40 

34 to 40 

27 to 32 

Ultimate, „ „ 

28 „ 32 

! 40 „ 45 

42 „ 48 i 

' 36 „ 42 

Elongation per cent. . . 

38 „ 30 

I 25 „ 20 j 

33 „ 28 j 

30 „ 25 

Reduction of area per cent. . . 

65 „ 55 

65 „ 55 I 

70 „ 60 ! 

70 „ 60 

Impact (Izod), ft. -lbs. . . 

90 „ 60 

70 „ 50 

90 „ 70 ; 

I : 

100 „ 80 


Heat Treatments 

Normalising. — ^Heat to 850° to 870° C., soak 30 minutes, cool in air. 

Carburising. — At 900° to 925° C., cool in box. 

Treatment I. — Heat to 820° C., soak 10 minutes, quench in water. 

Treatment II. — Heat to 820° C., soak 10 minutes, quench in water. Reheat to 
780° C. and quench immediately in water. 

Treatment III. — ^Heat to 840° C., soak 15 minutes, quench in oil. 

Tempering. — Heat to 150° to 180° C. in oil bath, soak 30 minutes, cool in air. 

Applications 

This steel can take the place of plain carbon steel in very many cases with advantage 
because of the more consistent results obtained. If oil quenching is adopted, distortion 
difficulties are reduced very considerably, but the case will not be so hard as with water 
quenching. 


2 per cent. Nickel (High Carbon) 


Carbon . . 
Manganese 
Nickel . , 
Sulphur , . 
Phosphorus 
Silicon . . 


Chemical Composition 


0*27 to 0’32 per cent. 
0-40 „ 0'60 
1*80 „ 2*20 

Not more than 0 *03 „ 


003 

0*20 




Mechanical Tests (Core) 



Normalised. 

Treatment I. 

Yield, tons per square inch . . ... • • 

20 to 30 

40 to 50 

Ultimate, ,, „ „ . . . . . . j 

32 „ 44 

48 „ 55 

Elongation per cent. . . . . . . . • 

35 „ 25 

17 „ 13 

Reduction of area per cent. . . . . . . i 

60 „ 45 

55 „ 45 

Impact (Izod), ft. -lbs. . . 

50 „ 30 

60 „ 40 


Heat Treatments 

Normalising. — Heat to 840° to 86^° C., soak 30 minutes, cool in air. 

Carburising. — At 900° to 925° C., cool in box. This operation should be carefully 
timed in order that too rich a case is not obtained. 

Treatment I. — Heat to 800° C., soak 10 minutes, quench in water. Reheat to 
720® C. and quench immediately in water. 
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Applications 

Ball and roller races, transmission shafts, and all parts subjected to either high 
local pressure or high tensile and torsional stresses. The case will be exceptionally 
hard. This is a better steel than the plain high carbon one intended for the same class 
of work. 

In the uncarburised state the surface can be hardened appreciably by simply 
quenching the steel in water from a temperature of 750° C. The centre of the steel will 
stiffen and give results very similar to those specified. 


Carbon . . 

Manganese 

Nickel 

Sulphur . . 

Phosphorus 

Silicon 


2 ’5 per cent. Nickel 


Chemical Composition 


0*10 to 0* 15 per cent. 
0*30 „ 0*50 
2*50 „ 3*0 

Not more than 0*05 ,, 

„ „ 0*05 


Mechanical Tests (Core) 



Normalised. 

Treatment I. 

1 Treatment II. 

Yield, tons per square inch 

22 to 27 

30 to 36 

1 

32 to 40 

Ultimate, „ „ „ 

30 „ 34 

40 „ 46 

: 42 „ 50 

Elongation per cent. 

38 „ 30 

; 30 „ 22 

i 28 „ 20 

Reduction of area per cent. 

65 „ 60 

55 „ 45 

1 55 „ 45 

Impact (Izod), ft. -lbs. .. 

90 „ 60 

80 „ 50 

1 

1 70 „ 40 


Heat Treatments 

Normalising. — Heat to 850° to 870° C., soak 30 minutes, cool in air. 

Carburising. — At 900° to 925° C., cool in box. 

Treatment I. — ^Heat to 820° C., soak 10 minutes, quench in oil. 

Treatment II. — Heat to 820° C., soak 10 minutes, quench in oil. Reheat to 780° C. 
and quench immediately in water. 

Tempering. — ^Heat to 150° to 180° C. in oil bath, soak 30 minutes, cool in air. 


Applications 

The effect of varying the heat treatment on this steel is shown by Figs. 174-5-6>-7-8. 
The slight increase in nickel from 2 to 2*5 per cent, raises the strength of the steel 
into a very useful range between the plain carbon and the higher and more expensive 
alloy steels. 


Carbon . . 
Manganese 
Nickel 
Sulphur , . 
Phosphorus 
Silicon . . 


5 per cent. Nickel 


Chemicaj. Composition 




• . O'lO to 0‘16 per c( 



0-30 „ 0-50, 



4 -60 „ 6-60 



. . Not more than 0'06 „ 



• • » 0*05 ff 

•• 

•• 

.... 0*20 
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Mechanical Tests (Core) 



Normalised. 

Treatment I. 

Treatment II. 

Yield, tons per square inch 

26 to 34 

45 to 55 

40 to 50 

Ultimate, „ ,, „ 

35 „ 44 

50 „ 60 

45 „ 55 

Elongation per cent. 

30 „ 20 

25 „ 18 

28 „ 20 

Reduction of area per cent. 

60 „ 50 

60 „ 50 

65 „ 55 

Impact (Izod), ft. -lbs. . . 

70 „ 50 

50 „ 30 

60 „ 40 


Heat Treatments 
Normalising. — Heat to 830° to 850° C., cool in air. 

Annealing. — After normalising as above, reheat to 650° C., soak 30 minutes, cool in 
air. 

Carburising. — At 900° to 925° C., cool in box. 

Treatment I. — Heat to 840° C., soak 10 minutes, quench in oil. Reheat to 770° C., 
quench immediately in oil. 

Treatment II. — Heat to 830° C., soak 10 minutes, quench in oil. 

Tempering. — Heat to 150° to 180° C. in oil bath, soak 30 minutes, cool in air. 

Applications 

Transmission shafts, spindles and other parts subjected to high tensile stresses. 


Carbon . . 

Manganese 

Nickel 

Sulphur . . 

Phosphorus 

Silicon 


6 per cent. Nickel 

Chemical Composition 


0-10 to 0*16 
0*30 „ 0-50 
5-50 „ 6-10 
Not more than 0 *05 


0 05 
0*20 


per cent. 
>» 

9» 

>» 




Mechanical Tests (Core) 



Normalised. 

Treatment I. 

Treatment II. 

Yield, tons per square inch 

28 to 38 

48 to 60 

45 to 65 

Ultimate, ,, „ „ 

38 „ 48 

55 „ 65 

50 „ 60 

Elongation per cent. 

28 „ 20 

22 „ 15 

25 „ 18 

Reduction of area per cent. 

55 „ 45 

55 „ 45 

60 „ 50 

Impact (Izod), ft. -lbs. .. .. 1 

1 70 „ 50 

45 „ 25 

60 „ 30 


Heat Treatments 
Normalising. — Heat to 830° to 850° C., cool in air. 

Annealing. — After normalising as above, reheat to 650° C., soak 30 minutes, cool in 
air. 

Carburising. — At 900° to 925° C., cool in box. 

Treatment I. — Heat to 840° C-, soak 10 minutes, quench in oil. Reheat to 760° C. 
quench immediately in oil. 

Treatment II. — ^Heat to 820° C., soak 10 minutes, quench in oil. 

Tempering. — Heat to 150° to 180° C. in oil bath, soak 30 minutes. 

Applications 


Same as 5 per cent, nickel steel. 
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2 ’o/o’S per cent- Nickel Chrome 

CHEMiCAii Composition 

Carbon 010 to 016 per cent. 

Manganese .. .. 0*30 ,, 0*50 „ 

Nickel • 1*80 „ 2*30 

Chromium .. .. .. 0*60 „ 1*0 ,, 

Sulphur .. .. Not more than 0*05 ,, 

Phosphorus . . . . ' „ „ 0*05 „ 

Silicon . . . . . . . . „ ,, 0*20 „ 


Mechanica-l Tests (Core) 



Normalised. 

Treatment I. | 

Treatment II. 

Yield, tons per square inch 

1 20 to 28 

45 to 55 

40 to 50 

Ultimate, ,, ,, „ . . 

1 30 „ 38 

55 „ 

65 ! 

! 50 „ 60 ' 

Elongation per cent. 

1 30 „ 26 

18 „ 

14 i 

i 20 „ 16 

Reduction of area per cent. 

; 60 „ 40 

55 „ 

40 

! 55 „ 40 

Impact (Izod), ft. -lbs. . . 

i 

^ 45 „ 

30 

I 60 „ 40 


Heat Treatments 

Normalising. — Heat to 850° to 870° C., soak 30 minutes, cool in air. 

Annealing. — After normalising as above, reheat to 050° C., soak 30 minutes, cool in 
air. 

Carburising. — At 890° to 910° C., cool in box. 

Treatment I. — Heat to 850° C., soak 10 minutes, quench in water. Reheat to 760° C. 
and quench immediately in water. 

Treatment II. — As above, but quench in oil instead of water. 

Tempering. — Heat to 150° to 180° C., in oil bath, soak 30 minutes, cool in air. 

Applications 

Gears, worms, camshafts, and all parts where good wearing qualities are required.. 


3 *0/0 ’6 per cent. Nickel Chrome 


Carbon . . 

Manganese 

Nickel 

Chromium 

Sulphur . . 

Phosphorus 

Silicon 


ChemicaXi Composition 


010 to 0*15 per cent. 
0*30 „ 0*50 
2*90 „ 3*50 
0*50 „ 0*80 

Not more than 0*05 „ 

„ „ 005 „ 


Mechanical Tests (Core) 



Normalised. 

Treatment I. 

Treatment II. 

Yield, tons per square inch 

26 to 35 

50 to 60 

45 to 55 

Ultimate, „ 

35 „ 45 

60 „ 70 

66 „ 65 

Elongation per cent. 

30 „ 25 

18 „ 13 

; 18 „ 14 

Reduction of area per cent. 

50 „ 35 

' 50 „ 35 

1 60 „ 35 

Impact (Izod), ft. -lbs ! 

* — ’ 

40 „ 30 

! 50 „ 36 
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Heat Tbbatments 

Normalising. — Heat to 840® to 860® O., soak 30 minutes, cool in air. 

Annealing. — After normalising as above, reheat to 650® C., soak 30 minutes, cool in 
air. 

Carburising. — At 890° to 910° C., cool in box. 

Treatment I. — ^Heat to 840° C., soak 10 minutes, quench in water. Reheat to 
760® C. and quench immediately in water. 

Treatment II. — Heat to 840° C., soak 10 minutes, quench in oil. Reheat to 770° C., 
and quench immediately in oil. 

Appmcations 

Gears, camshafts, etc. 


3‘0/i'0 per cent. Nickel Chrome 


Carbon . . 

Manganese 

Nickel 

Chromium 

Sulphur . . 

Phosphorus 

Silicon 


CnEMicAii Composition 


0*10 to 0*15 per cent. 
0*30 „ 0*50 
3*0 „ 3*50 
0*90 „ 1*20 


Not more than 0*04 
„ ,, 0*04 

0*15 


ji 

»» 


MECHANTCAIi TeSTS (CORE) 


Yield, tons per square inch 
Ultimate, ,, „ ,, 

Elongation per cent. 
Reduction of area per cent. 
Impact (Izod), ft. -lbs. . . 


Normalised. 

1 

Treatment I. 

30 to 40 

60 to 70 i 

40 „ 50 

70 „ 85 1 

25 „ 20 

16 „ 12 

50 „ 30 

50 „ 35 : 

— 

35 „ 20 1 


Treatment II. 


50 to 60 
60 „ 70 
^8 „ 14 
50 „ 35 
45 „ 25 


Heat Treatments 

Normalising. — Heat to 840® to 860® C., soak 30 minutes, cool in air. 

Annealing. — After normalising as above, reheat to 650® C., soak 30 minutes, cool in 

air. 

Carburising.' — At 890® to 910° C., cool in box. 

Treatment I. — Heat to 840° C., soak 10 minutes, quench in water. Reheat to 
760° C. and quench immediately in water. 

Treatment II. — Same as above, but quench in oil instead of water. 


Applications 

This steel will give a harder core than the last because of the higher percentage of 
chromium. The oil quenching treatment is the better one, the case being just as hard 
and the distortion being lessened. 


3*S/i'S per cent. Nickel Chrome 

Chemical Composition 


Carbon 


Nickel 
Chromium 
Sulphur .. 
Phosphorus 
Silicon . . 


0*10 to 0*15 per cent. 
0*30 „ 0*50 
3*30 „ 3’80 
1-30 „ 1*60 


Not more than"0’04 
.. .. 004 

0-16 


99 
9 9 
99 
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Mechanical Tests (Core) 



Normalised. 

Treatment I. 

Treatment II. 

Yield, per tons square inch 

35 to 45 

60 to 75 

65 to 70 

Ultimate, ,, ,, „ 

45 „ 55 

75 „ 90 

65 „ 80 

Elongation per cent. 

25 „ 20 

16 „ 11 

18 „ 12 

Reduction ot area per cent. 

50 „ 30 

50 „ 35 

50 ff 35 

Impact (Izod), ft. -lbs . . 

— 

30 „ 20 

40 „ 25 


Heat Treatments 

Normalising. — ^Heat to 840° to 860® C., soak 45 minutes, cool in air. 

Annealing. — After normalising as above, reheat to 650° C., soak 45 minutes, cool 
in air. 

Carburising. — At 880° to 900° C., cool in box. 

Treatment I. — Heat to 840° C., soak 10 minutes, quench in water. Reheat to 
760° C. and quench immediately in water. 

Treatment II. — Same as above, but quench in oil instead of water. 

Tempering. — Heat to 150° C. to 180° C., in oil bath, soak 30 minutes, cool in air. 

Applications 

The oil-quenching treatment should be adopted in preference to the water-quenching 
on account of the tendency to crack. 

4'0/i*s per cent. Nickel Chrome 

Chemical Composition 

Carbon .. .. .. .. OdO to 0d5 per cent. 

Manganese .. .. .. 0 ‘30 „ 0*50 „ 

Nickel 3*90 „ 4-50 

Chromium .. .. .. 1*20 „ 1*60 „ 

Sulphur . . . . . . . . not more than 0*40 ,, 

Phosphorus . . , . . . „ „ 0*40 „ 

Silicon „ „ 0*15 „ 


Mechanical Tests (Core) 



Normalised. 

Treatment I. 

Treatment II. 

Yield, tons per square inch 

35 to 45 

60 to 75 

55 to 65 

Ultimate, „ 

45 „ 55 

75 „ 95 

70 „ 90 

Elongation per cent. 

25 „ 20 

i 16 „ 10 

18 „ 12 

Reduction of area per cent. 

50 „ 30 

50 „ 35 

55 „ 40 

Impact (Izod), ft. -lbs. . . 

— 

1 35 „ 25 

40 „ 25 


Heat Treatments 

Normalising. — ^Heat to 840° to 860° C., soak 45 minutes, cool in air. 

Annealing. — After normalising as above, reheat to 650° C., soak 45 minutes, cool in 
air. 

Carburising. — At 880° to 900° C., cool in box. 

Treatment I. — ^Heat to 840° C., soak 10 minutes, quench in oil. Reheat to 760° C., 
and quench immediately in oil. 

• Treatment II. — Heat to 800° C., soak 10 minutes, quench in oil. 

Tempering. — Heat to 150° C. to 180° C. in oil bath, soak 30 minutes, cool in air. 
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Applications 

The effect of varying the quenching temperature of this class of steel is seen in Fig. 
180. The test bars (IJ ins. diam.), after carburising at 900° C., were machined to | in, 
diam. and then heated to the temperatures specified and quenched in oil. The effect 
on the hardness of the case as shown by the scleroscope readings * is most pronounced. 



Fig. 180. — Nickel Chrome Case-hardening Steel. Effect of quenching in oil from 
different temperatures. All test bars were carburised and turned to I inch diameter. 
Analysis, C 015, Mn 0*41, Ni 4*22, Cr 1*46. 

* Unfortunately the scale for this curve has been omitted from the graph, but if 
the impact figures are increased by 40 units this scale will give the scleroscope values for 
the case. 





CHAPTEE XIV 


IRON AND STEEL CASTINGS, INCLUDING MALLEABLE IRON 
AND SEMI-STEEL CASTINGS 

Cast-iron is perhaps the commonest of all engineering materials, owing 
no doubt to the ease with ivhich it can be cast into almost any shape. A 
good foundry wiU produce castings free from blow^holes and having a good 
surface w hich, except for those portions that caiT\^ other parts, w^ill not require 
machining. 

Malleable ii’on castings are made from a special grade of iron and are then 
annealed ’’ for a prolonged period, which process renders them ductile or 
malleable. The fact that complicated parts can be cast and then made 
tough and malleable is one of some importance to engineers. 

Steel castings are not used so extensively as iron castings : their production 
is not so simple, and has only been developed during recent years. The higher 
melting point of the metal gives rise to many difficulties, and as a rule the surface 
of the castings is not so clean and sharp as in the case of iron. Their higher 
tensile and dynamic strength, however, renders the material valuable for 
many parts, and there is an increasing demand for such castings. 


Cast-iron 

Composition. — For the general run of castings the iron used is that 
known as foundry pig, but for many purposes other irons, mainly grey irons, 
are melted down, and a large amount of scrap iron is used up. Hence the 
composition of the metal will be found to vary considerably unless the 
requmements are specified particularly. Of course, for many parts the only 
quality required is good machinability and clean, sharp castings, in wffiich case 
the composition is of little importance except that the amount of combined 
carbon must be low (about 0*5 per cent.) to reduce the hardness. In such 
cases, particularly for intricate parts of thin section, the foundr^an will 
use an iron containing a high percentage of phosphorus (over 1*0 per cent.); 
since this element helps the metal to flow readily, and thus gives a sharp' 
clear casting. The silicon content may also be high, but this will depend 
very much on the size and section of the parts, and is adjusted by the 
foundryman to suit the parts, a high percentage being used for small thin 
sections and a low^er percentage for large bulky parts. 

348 
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Thus for the general run of small castings the following cotiiposition is 
found to be satisfactory : — 

Carbon (total) . . . . . . 3*0 to 3 ’9 per cent. 

Carbon (combined) . . . . 0*4 „ 0*7 j, 

Carbon (graphite) . . . . difference 

Manganese . . . . . . 0*5 to 1 *0 ,, 

Sulphur .. .. .. Not more than O'] 5 ,, 

Phosphorus ... . . „ „ 1 '3 ,, 

Silicon .. .. .. .. l'2to2'4 ,, 

A test bar | inch diameter cast in a sand mould and then turned down 
to 0*564 inch diameter should give an ultimate tensile strength of 8 to 10 tons 
per sq. inch. 

The above iron is suitable for general purposes such as foundation plates, 
standards, brackets, etc. When, however, important parts such as cylinders, 
pistons, piston rings, and others subjected to considerable and varying stresses 
or conditions such as var 3 dng temperatimes are to be made, the composition 
of the material has to be limited in respect to certain constituents.. In many 
cases it is difficult to decide what the composition should be, and opinions 
of different foundry authorities will be found to vary a good deal However, 
a few general, if somewhat broad, statements will be helpful in judging the 
quality of a given iron. 

The hardness, tensile, and crushing strengths are controlled to a great 
extent by the combined carbon, and increase as this increases. Incidentally 
machining becomes more difficult with increasing carbon in the combined 
form. The rate of cooling and the amount of silicon present control the 
percentage of combined carbon, this being higher with more rapid cooling, 
and lower with increasing amounts of silicon. Thus the outer surface of 
a casting is generally harder owing to the chilling action of the mould. Eor 
this reason more silicon is added to the iron when thin-section pieces are to be 
cast, as this tends to counteract the effects of rapid cooling. 

Thus three important factors must be considered : — (1) The combined 
carbon, which is controlled by (2) the rate of cooling, ?‘.e. the section of the 
casting, and (3) the silicon content. 

Eor the first a good value is 0*5 to 0*7 per cent, combined carbon, above 
this the iron becomes difficult to machine. With thin sections, say, J to J inch, 
cast in sand the silicon content may be as high as 1*8 to 2*0 per cent., while 
with large sections the silicon should be low, in some cases only about 1*1 per 
cent. 

The brittleness or dynamic strength is also dependent on the combined 
carbon, and becomes seriously low when this exceeds 0*8 to 0*9 per cent. It is, 
however, more dependent on the size of the graphite flakes, and if these are 
large the iron will be very poor. The rate of coohng and the pouring tempera- 
ture affects the size of the ^aphite ; slow coohng from a high temperature 
producing a large coarse flate. In large castings this is a common source 
of trouble. This is distinctly seen m the micrograph, Kg. 81. 

Phosphorus in amounts exceeding 1*0 per cent, increases the brittleness, 
although it f acihtates the machining. In good work the amount of this element 
should not exceed 1*2 per cent, and if possible should be kept as low as 1*0 
per cent. 

The other constituents in cast-iron — ^sulphur and manganese — are generally 
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in such woportions and in such a condition as to cause no harm. It is, however, 
advisaMe to limit the sulphur content to 0T2 per cent., and the manganese 
to IjO^per cent. 

^The following analysis of some good quality iron castings are of interest : — 


/ 

/ 

Iron for Auto- 
mobile Engine 
Cylinders (water 
cooled). 

Piston Eing 
from 

Automobile 

Engine. 

Good quality 
Normal 
Foundry 
Iron. 

Specially 

Soft Iron. 

Total Carbon 

3*48 

3*36 

3*56 

3-08 

Combined Carbon 

0*52 

0*56 

0*56 

0*08 

Graphitic Carbon 

2*96 ! 

2*80 1 

3*0 

3*0 

Manganese 

j 0*84 

0*48 

0*87 

0*34 

Sulphur , . 

1 0*074 

0*08 

0*075 

0-10 

Phosphorus 

i 0*59 

0*75 

1*20 

1*28 

Silicon 

1*52 

2*25 

1*65 

2*89 


Thus for the special class of work such as pistons, cylinders for automobile 
engines, and other parts of fairly thin section subjected to varying and high 
temperatures, the folloA\ing composition will prove useful : — 

Carbon (total) 2 -GO to 3*40 per cent. 

Carbon (combined) .. .. .. 0*'50 ,, 0 85 „ 

Carbon (graphite) . , . . . . difference 

Manganese 0*40 to 0*80 „ 

Sulphur .. .. .. .. Not more than 0*12 „ 

Phosphorus . . . . . . . . ,, ,, Q-go ,, 

Silicon 1*20 to 1*90 

The tensile strength of this material, cast in sand as a bar | inch diameter 
and turned into the standard form of test piece, should be between 11 and 14 
tons per sq. in. 

Casting Temperature. — ^The extremely variable results found in cast iron 
of a particular composition are usually assumed to be due to varying pouring 
temperatures, but while this is probably the case it would appear that no really 
definite rule can be laid down as to what should be the pouring temperature. 

Clearly with thin sections the poming temperature should be high in 
order to fill the mould completely, while in the case of heavy sections and 
solid masses, it only need be high enough to enable the iron to run. Too 
high a temperature will cause portions of the mould (and also the cores) 
to be washed away and this, besides giving the casting an untrue shape, 
means that the sand is carried elsewhere, and is probably trapped in the 
metal, thus eventually leading to machining and leakage troubles. On the 
other hand, low temperatures cause the metal to be sluggish or more 
viscous, and very often it will not allow the free escape of gases, which are 
then trapped and thus account for blow holes. Erom the above, therefore 
it wUl be seen that the pouring temperature must be adjusted to suit different 
castings, and that the foundryman is more or less bound to certain limits 
in order to produce sound castings. It is evident, however, that the practice 
adopted in the iron foundry of pouring a number of castings from the same 
ladle will often lead to varying results, on account of the fact that the iron 
at the commencement of pouring the first casting is much hotter than when 
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pouring the last one. Should the castings all be of one type, as is often the case, 
the question of section is not present and, therefore, the only changing factor 
is that of the pouring temperature. 

The melting point of ordinary grey iron is between 1,100° C. and 1,200° C., 
and according to Longmuir, who has investigated the question, the strongest 
iron is obtained when the pouring temperature is neither high nor low. Dr. Hat- 
field,* however, is not able to confirm this, and the figures in the following table 
show results that appear to have no connection with the pouring temperature : — 

Effect of Casting Temperature on Grey Iron 


Combined 

Carbon. 

Graphite 

Carbon. 

Casting Temperature. 
Degs. C. 1 

Majdmum stress. 

1 Tons per sq. in. 

0-70 

2-60 

1,300, hot i 

9*85 

0-74 

2-55 

1,215, fair 

10*32 

0*73 

2*57 

1,135, cold 

7*56 

0-80 

2*40 

1,290, hot 

9*37 

0*82 

2*45 

1,243, fair 

7*53 

0-80 

2*40 

1,210, fairly cold 

8*50 

0-52 

2*93 

— hot 

7*01 

0-64 

2-94 

— fair 

8*40 

0*54 

2*96 

— cold 

12*98 


It is quite definite, however, that for thin, light castings the iron should be 
as hot as possible. This is particularly true with green-sand castings. 

Centrifugal Castings. — Extremely good results are obtained by pouring 
the molten iron uito rotating moulds. This method of casting is applied to the 
manufacture of piston rings for locomotive cylinders, internal combustion 
engines, and other engines. It is applied also to piston valve liners, cylinder 
liners, and wheel blanks, etc. Cast-iron wheels with a chilled tread are now 
being made in rotating moulds. 

Metal moulds are employed generally for such parts and these in themselves 
produce castings having a fine grain, due to the greater cooling action of the 
metal mould as compared with a sand mould. The principal advantages of 
the centrifugal method, however, may be summarised as follows : — 

1. Absence of blowholes. 

2. Elimination of porosity. 

3. Absence of large slag and dirt inclusions. 

4. Surfaces free from sand. 

5. Dimensions more accurate. 

6. Exact concentricity of outer and inner diameters. 

7. Fine-grained structure throughout the complete section. 

The rapid rotating of the mould while the metal is being poured sets up a 
centrifugal force that is sufficient to cause the metal to displace any gases that 
would otherwise produce blowholes or porosity, and at the same time slag and 


♦ “ Cast-Iron in the Light of Recent Research,” by Hatfield, p. 110. 
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dirt (except for minute particles) are forced into the last portion of the casting 
to cool, and this usually is cut off. The centrifugal action is responsible also for 
the concentricity of the casting. 

The metal mould eliminates the sand difficulty and accounts for the greater 
accuracy of the castings as compared mth those produced in sand moulds. 

The agitation of the metal during solidification due to rotation of the mould 
appears to have the effect of producing a very fine, and at the same time regular, 
grained structure throughout the entire section. 

In the manufacture of piston rings a cylindrical-shaped casting is made, 
one end of which is of a hea^^ section in order to collect the slag, dirt, and 
other troublesome elements. This heavy-section end is cut off and the 
remainder of the cylinder is machiued iuside and outside to the correct diameters, 
after which operation it is cut into slices each of which forms a piston ring. 

Chill Castings. — ^The use of metal moulds makes it possible to produce 
castings having a hard surface and a comparatively soft core. The action of 
the metal mould is to increase the rate of cooling (chilling) and thus prevent, 
to a great extent, the separation of graphite. The iron in immediate contact 
Avith the metal mould cools so rapidly that the carbon is retained in the com- 
bined state and in consequence the surface is extremely hard. The interior 
of the casting, of coui’se, cools more slowly and there is sufficient time for the 
graphite to separate out. Castings made in this manner will show, when 
broken, a grey centre and a hard white outer layer, the thickness of which 
depends (apart from composition) on the rapidity of the cooling. 

In the majority of cases the mould is partly sand and partly metal. The 
metal portions, or chills as they are called, are placed wherever it is desired to 
obtain the chilling effect on the casting. Thus car wheels are cast in moulds 
consisting of a sand centre and an outer metal ring which acts as a chill on the 
tread of the wheel and causes it to be very hard. 

This process is adopted for such parts as rolling mill roUs, grinding mills, 
rock crushers, etc. The depth of the chilling action can be varied from say 
I inch up to 3 inches to suit the size of the part and the duty it has to perform. 
Reducing the silicon content and increasing the thickness of the chill (metal 
portion of mould) increases the depth of the chilling action. Thus the amount 
of sihcon in the iron is an important factor. 

The chilled layer of castings made in this manner consists of white iron which, 
owing to the high percentage of combined carbon present, is too hard for machin- 
ing and can only be fashioned by grinding. Chilled rolls and similar parts are 
generally ground to size. 

To reduce brittleness in the chilled portions it is essential that the phos- 
phorous content should be low (0*20 to 0*40 per cent.). The composition of the 
chilled layers of an ordinary roll employed for rolling thin steel sheets 
is approximately : — 

Carbon, total . . . . . . . . 3' 10 per cent. 

Carbon, combined . . . . 1-80 „ 

Silicon . . . . . . . . . . 0*70 „ 

Sulphur .. .. .. .. ..0*10 „ 

Phosphorus . . . . 0*60 „ 

In a well-made casting the change from the white iron (forming the outer 
layers) to the grey iron (forming the centre) should be gradual, otherwise there 
is a risk of portions of hard outer layer breaking away. 
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Shrinkage and Contraction. — ^The shrinkage effect in cast -iron must 
not be confused with contraction. When iron is poured into a mould the portions 
bhat solidify first are those in contact with the mould, and a shell is formed 
having the shape and practically the same size as the mould. The inner portions 
of the iron solidify next, the freezing taking place inward, proceeding from the 
walls and, because the freezing is accompanied by shrinkage, the last portions 
to solidify will be spongy or a cavity may even be formed. If a feeder is pro- 
vided the extra molten metal necessary to make up the shrinkage can be added 
before the casting is completely solid. This, of course, is done in most cases, 
especially with large and heavy sections. The casting temperature influences 
the shrinkage, which is greater the hotter the metal. 

The solid metal during cooling contracts in the natural manner common 
to most heated metals but, over and above this change, there are other changes 
due to internal chemical and physical changes. These secondary changes 
are expansion effects, and are greater in grey irons than in white irons. 

For practical purposes, however, it is the complete or net change that is 
important, and must be allowed for. 

This is least in grey irons and depends to a great extent on the sihcon 
content. The most useful v ork in this direction is that of Keep, and his table 
is given hiere. 


“Net Contractions ” of Cast-iron 


Average 

Silicon 


Size of Test Bars (all 12 inches long). 

1 








Kind of Iron. 







per cent. 

Hn. 

1 in. 

2in.xlin. 

2 in. 

3 in. 

4 in. 



square 

square 

square 

square 

square 


0-80 

0183 

0-160 

0-148 

0-131 

0-116 

0-102 I 


1-21 

1-88 

201 

0172 

0*166 

0162 

0-150 

0-145 

0-143 

0-138 

0-130 

0-123 

0-125 

0-109 

0-099 

0-110 

0-069 

0-066 

0-106 
0-039 : 
0-128 

“ Iroquois,’* with silicon 
' added by Pencost, ferro- 
silicon. 

3-19 

0-157 

0-105 

0-094 

0-075 

0-067 

0-057 

3 04 

0-169 

0-130 

0-086 

0-077 

0-085 

0-033 J 


0-93 

0-176 

0-149 

0-144 

0-139 

0-115 

0-072 ^ 


1-17 

0-160 

0-145 

0-126 

0-122 

0-093 

0-092 


1- 67 

2- 23 

0-156 

0-154 

0-141 

0124 

0-134 

0-092 

0-128 

0-094 

0-083 

0-075 

0-036 
0-067 1 

|“ Hinkle ” and Pencost. 

2-71 

0-157 

0-102 

0-090 

0-062 

0-053 

0-023 


3-60 

0-144 

0-098 

0-092 

0-068 

0-043 1 

0-023 J 


2-82 

0-148 

0-098 

0-083 

0-072 

0-063 i 

0-036 ’ 

TJlich Stove Co. 

318 

0-130 

0-095 

0-091 

0-079 

0-072 

0-052 1 

99 99 

3 '50 

0-123 

0-094 

0-096 

0-091 

0-078 

0-032 ! 

99 99 

0-77 

0-238 

0-153 

0-142 

0-144 

0-126 

0-115 ; 

Car- wheel Iron. 

1*76 

0-171 

0-151 

0-143 

0-129 

0-100 

0-069 i 

Light machinery. 

2-06 

0-161 

0-139 

0-120 

0-091 

0-067 

0-042 i 

i 

Heavy machinery. 

0-89 

0-248 

0-247 

0-221 

0-201 * 

0-167 

0-144 

Air furnace for malleable. 


It will be seen that the contraction is less m the case of the large sections, 
a factor of considerable importance in large castings. Generally, the allowance 
made in practice is | inch to the foot for ordinary foundiy iron. With white 

^ A 
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irons the allowance should be to J inch, but if “black-heart’’ malleable 
castings are re(]uired this allowance is too much since the annealing jjrocess 
tends to expand the metal (due to the precipitation of fine carbon), and the 
net allowance need only be about | inch to the foot. With English ‘'white- 
heart ” castings an allowance of “ inch should be made. 

Strength of Cast-iron. — ^The strength of cast-iron is greatest under a 
crushing load, and for this reason is most suitable for supporting machinery 
in the form of base or foundation 23lates, columns for supporting floors or 
roofs in buildings, etc. 

The crushing strength of cast-iron may be assumed as 40 tons ]3er square 
inch, but results as high as 60 tons and as low as 30 tons per square inch are 
obtained. Such results are, however, influenced by the j)roj)ortions of the test 
piece, as is shown by the following experiments carried out by Hodgkinson on 
cylinders | inch in diameter. 

oi cytmdeT, incUes .. .. i I i J1^2 3} 

Crushing strength, tons per square inch .. 69‘3 68 ‘5 60 ‘0 55 0 53 '3 53 '3 49’0 34 '4 

Professor Unwin considers “ That if the height does not exceed three 
diameters the strength is fairly uniform.” He also points out that the usual 
form of fracture under test “is shearing at an oblique jilane making an angle 
of about 56° with the axis.” 

The tensile strength varies from 5 to 18 tons per square inch, the usual value 
for the commoner grades being about 9 tons per square inch, while with the 
better grades it varies from 11 to 15 tons per square inch. The higher values 
are, however, obtained only with high percentages of combined carbon, and the 
machining properties of the metal in consequence are not so good. 

The yield point or elastic limit is practically the same as the breaking load, 
and there is little or no elongation or reduction in area. 

The dynamic strength of cast-iron is very poor, and impact tests on the 
Izod machine are generally not higher than 2 ft. -lbs., compared with steels that 
give values from 20 to 100 ft. -lbs. 

The most common test for cast-iron is the transverse test, which consists 
of applying a load to the centre of a bar supported at its ends. The standard 
test bar is 40 inches long, and 2 inches deep by 1 inch wide. This is supported 
on knife-edges placed 36 inches apart, and the load is applied at the centre, where 
a third knife-edge is placed. The load is increased gradually, and the deflec- 
tion of the bar is noted. The brealdng load for good average quality iron 
is 26 to 30 cwt., but higher values are often obtained. Adamson* quotes 
typical results obtained in practice, and these are reproduced on next page. 

According to some experiments made by Hailstone f it would appear that 
the best bar is one cast 42 inches long, and 2^ inches by 1-|- inches section, and 
then machined down to 2 inches by 1 inch section, and tested on 36-inch 
centres. This size of bar gives the most consistent and comparable results, both 
as regards breaking load and deflection. The load should be applied at a 
rate not exceeding 1 cwt. eveiy 15 seconds. 

The test bar adopted by the American Society for Testing Materials and 
known as the Arbitration test bar, is 16 inches long by IJ inches diameter (at 
top). This bar is cast vertically, and the bottom is inch less in diameter 
than the top, to allow for draft. The bar is tested ''on supports 12 inches 

♦ Adamson, Iron and Steel Institute, 1909, vol. iii. 
t George Hailstone, Iron and Steel Institute, 1914. 
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Analysis. 

Transverse 
3 ft. 
centres. 

Deflection. 

Total 
' carbon. 

Graphitejcombined 
carbon, carbon. 

1 

i Silicon. 

Sulphur. 

Phos- 

phorus. 

Manga- 

nese. 

Per cent. 

Per cent. 

Per cent. 

Per cent. 

Per cent. 

Per cent. 

Per cent. 

Cwt. 

Inches 

3*56 

2-98 

0-58 

1*53 

0*110 

1*19 

0-90 

34-75 

0-336 

3-56 

3 03 

0-53 

1-65 

0*089 

1*19 

0*85 

38*5 

0*386 

3-57 

3 04 

0-53 

1-67 

0*106 

1*20 

0-85 

36*5 

0*329 

3*50 

3 00 

0*56 

1*65 

0*075 

1*20 

0*87 

35*0 

0*329 

3-58 

2-99 

0-59 

1*88 

0*10 

1*17 

0*80 

36*5 I 

0*359 

3-57 

2-98 

0*57 

20 

0*09 

J*17 1 

0*81 

.30*0 

0*314 

3*56 

2-98 

0-58 

1*30 

0*077 

0*59 

1 0*68 

31*5 ! 

1 0*329 

3 -09 

3 05 

0-54 

1-46 

0*073 

0*84 

' 0*65 

28*5 

0*347 

3-56 

3 02 

1 0-54 

1-72 

0*072 

0*78 

0*66 

29*5 

0*350 

3-56 

3 00 

( 0 58 

1-86 

0*072 

0*70 

0*65 

27*5 

i 

0*321 


apart, the load being applied at the centre. The load to produce a deflection 
of 0*10 inch should not be less than 2,500 lbs. for light castings, 2,900 lbs. 
for medium, and 3,300 lbs. for heavy castings. 

A testing machine intended for this form of test is shown in Fig. 181. 



Fig. 181. — Transverse and Tensile Testing Machine for Cast-iron. 


The specimen is supported by two adjustable dogs mounted on the frame 
of the machine, and is pulled upwards at the centre by a swinging stimip. 

The latter is operated by the handwheel at the top of the machine, which 
carries a scale and vernier, for indicating the deflection of the specimen before 
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breakage. The machine has knife-edges for two standard centre distances-^ 
36 inches and 12 inches, and a capacity for bending of 50 cwt. It is also con- 
veniently arranged to test standard tensile pieces, and has a range in tension 
up to 4 tons total load. 

Hardness tests for cast-iron are mainly of service for determining the 
machining properties of the metal, but are also helpful in selecting metal for 
bearings and slides, etc., where the wearing quality is highly important. Such 
tests, however, require careful judgment because of the difference that exists 
between the outer surface of the casting and its interior, due to the chilling 
effect of the mould. The Brinell testing machine gives fairly satisfactory 
results and, according to Stead and Jones,* the following figures are typical 
ones for the irons mentioned : — 


BsiNEiiL Tests. Ball 10 mm. Diameter. Press. 3,000 kilos. 

Average Hardness Xo. 


Glazed iron 
No. 1 „ 

No. 3 „ 

No. 4, foundrj^ 

No. 4, forge 
Hard forge 
White iron 

l-*ure Swedish wrought iron 
Hard face of chilled casting 
Middle of chilled casting (mottled) 
Grey back of chilled casting . . 


143 

104 

112 

156 

160 

197 

418 

87 

445 

350 

207 


The Shore scleroscope may be used, and mth ordinary grey irons readings 
from 29 to 38 will be obtained. This instrument, however, is not recommended 
o^vin^o the difficulty in obtaining a satisfactory surface and uniform figures. 

Hifcct of Temperature on Strength. — The strength of cast-iron falls 
off as the temperature is increased. This is shovTi by the experiments carried out 
Meyer, who tested bars 19*7 inches long, and 1*18 inches diameter on a 



vcr/TC.. 

Fio. 182.-H. Meyer’s Tests showing how the Strength ot Cast-iron falls off at Higher 

Temperatures. ® 

I^pp bending machine while they were heated in baths of oil tin lead and 

seis“«^ge 

* Proc. Cleveland Inst, of Engineers, 1906-07. 
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Hatfield states that Cary’s results support the above characteristic of cast- 
iron, and quotes the following figures : — 

Temperatures. Strength. 

900° F. 30,000 lbs. 

1100° F. 20,000 lbs. 

1500° F. 10,000 lbs. 

It is important, therefore, when fittings or other parts which are intended 
for use at high temperatures, such as superheated steam or internal combustion 
engine cylinders, are being designed that due allowance should be made for 
this loss of strength at the working temperatures. 

At still higher temperatures the growth effect commences, but this is a 
distinctly different effect to that now explained, and is dealt with in the next 
few paragraphs. 

Heat Treatment. — ^The normal form of treatment for grey cast-iron is 
annealing, and this is carried out with the object of relieving the internal 
stresses set up during the casting operation, and also in many cases to improve 
the machining qualities. 

Ordinary annealing of grey iron may be done at a temperature of 750° 
to 800° C., when the combined carbon is converted into free graphite. Thus 
the hardness of the metal is materially reduced and it becomes quite easy to 
machine. This treatment is described in Chapter X. 

The strength of the iron, however, is also lowered to a very great extent, 
and because of this the process of annealing should not be undertaken without 
realising what .the diminution of strength will be in the treated parts. 

Hatfield * gives the results of some tests made to determine the effect 
of anneahng grey cast-iron, and shows that irons having a tensile strength 
of 8 to 12 tons per square inch give only about 3 tons per square inch after 
annealing at 900° C. for several hours and slow cooling over 48 hours. The 
combined carbon, which was about 0*5 per cent as cast, was reduced to about 
0'2 per cent, by the annealing. 

More recently Jean Durand f has undertaken a series of tests on the heat 
treatment of grey cast-iron which confirm Hatfield’s results with annealing at 
900° C. and show that 45 minutes’ heating at this temperature reduces the 
tensile strength of 13 to 15 tons per square inch to about 10 tons per square 
inch. The most important phase of Durand’s investigation, however, is the 
quenching and reheating treatment. Thus the quenching in oil at 900° C. and 
the reheating to 650° C. gave the following results : — 

Ultimate Tensile Strength, ! , Mean Breaking 

tons per sq. inch. ' ’ Height in Inches. 

Before. After treatment. Before. After treatment. 


A .. i 

14-6 

19-4 

25-3 

43 

B 

i 161 

19-2 

21-4 

31*2 

C 

130 

16-8 

21-4 

370 

D 

14-6 

17-3 

25-3 

31-2 


♦ Joum. Iron and Steel IneU^ 1907 
I French Acadimie des Sciences, 1922. 


Sample Xo. 
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These results are of considerable importance because they show the possi- 
bility of improving many castings required for special service. The dynamic 
strength of the material must be improved by this treatment ; in fact, this is 
shown by the drop test figures. 

Low temperature annealing, however, may be applied to overcome stresses 
set up in rough machining, and to partly relieve the casting stresses. Heating 
up to temperatures of about 350 to 400° C. (which turns the machined surface 
to a blue-grey colour) will be found beneficial, and will not reduce the strength 
of the metal considerably. 

Hard metal can be heated to about 600° C. for a short time to improve its 
machinability, but this will affect its scrength appreciably. 

Tne heat treatment of cast-iron is confined more to the white varieties, 
and is dealt with further under the heading of Malleable Iron. 

Growth of Cast-iron. — The effect of repeated heating and cooling on 
cast-iron is a permanent increase in volume. This change is much greater with 
grey irons than w ith w hite irons, and may be very serious in its results because 
of its enormous extent. 

According to Rugan and CaqDenter,* who carried out a most exhaustive 
research on this subject, it appears that with a grey iron, beyond a permanent 
change that takes place at the temperatures of sujDerheated steam and which 
is of a different character, no grow^th takes place until the metal is heated 
to about 650° C., while at 730° C. it appears to reach a maximum, 
although at higher temperatures up to 900° C. a very slight increase is just 
■ percei^tible. Further, the maximum increase was obtained by three hours’ 
heating at the given temperatures, and any further increase in the heating 
time made no diference. 

Some test bars were cut from a new^ annealing oven casting made from 
ordinary commercial iron containing 3’ 14 per cent, carbon and 0*96 per cent, 
silicon, and w ere repeatedly heated to temperatures varying from 850° to 950° C. 
and kept at these temperatures for four hours. One of these bars to commence 
Muth wuf: 5*9968 inches long, and 0*750 inch diameter, having a volume of 
2’648 cubic inches. The change in size after a given number of heatings is 
shown by the following figures — 


Heat No. 

Increase in Length. 

Increase in Diameter. 

t 

Per cent. Increase 
in Volume. 

Per cent. Increase 
in Weight. 

1 

0 0572 

0-007 

2-91 


7 

0-2817 1 

0-0362 

14-80 

1-91 

21 

0-4602 1 

0-0539 

2315 1 

2-52 

32 

0-4804 

0 0564 

I 24-65 ' 

2-66 

42 

0-5162 

00597 

26-50 

3-68 

52 

0-5342 

0 0625 

27*70 

3*70 

61 

0-5703 

00673 

29-70 

4-42 

71 

0-6008 

00730 

32-25 

5*16 

81 

0-6282 

00776 

35-40 

6*29 

99 

0-6572 

0 0840 

36*80 

7-90 


n i length ot the bar increased by 

U 6572 mch, or nearly 11 per cent., while the diameter increased by over 

* Paper, Iron and Steel Inst., May, 1909 



IRON & STEEL CASTINGS 


359 


11 per cent., the total volumetric increase being 36*8 per cent. The other bars 
behaved in much the same way. The increase in weight is due probably to 
oxidation of the iron and the silicon contained in it. This more than counter- 
balances the loss due to oxidation of the carbon. 

A series of bars of white iron, free from graphite but of varying carbon 
content, were tested in a similar manner, but instead of an increase in the 
volume being found, an actual decrease took place, varying in extent from 
about i to H per cent. 

As a result of these and other experiments, Rugan and Carpenter suggest 
that a good iron for resisting the effects of repeated heating is one containing 
about 3 per cent, of carbon with only very small percentages of other elements 
present. This deduction is considered by Hatfield * to be correct. This 
should be amplified by adding the statement that the carbon must not be in 
the graphitic condition. 

Silicon appears to influence the gro^vth, and the same authors show that the 
growth is proportional to the amoimt of silicon present (up to 6 per cent.). 

Carpenter, t who has carried out further investigations, showed how little the 
follo^v^ng irons grew with repeated heating at high temperatures. 


i Xo. 1. 

Xo. 2. 

Xo. 3. 

Carbon 

2*40 

2-40 

2*25 

Silicon 

0'485 

0*471 

0*406 

Sulphur 

001 

0*01 

0*01 

Phosphorus 

• 001 

0*01 

0*01 

Manganese . . 

0-51 

0*735 

0*936 

Change in volume per cent. 



i 

After heat 11.. 

-0'08 

-0*09 

-0*22 

„ „ 27 

+ 10(5 

-1-1 *05 

-0*09 

„ „ 100 

+4-92 

-f-4*15 

I -hl*61 

,, „ 151 

+ 7-49 

-1-6*06 

i -p3’09 


From the above it will be seen that the growth becomes less as the manga- 
nese content is increased, and it was shown that an iron containing 1*60 per 
cent, manganese, but otherwise similar to the above, had practically no tendency 
to grow. 

Further, it was found that these irons retained their strength while the grey 
irons became very weak. 

Arnold takes exception to the low carbon content, while Hatfield considers 
that this could be raised to 3 per cent, without materially decreasing the 
good results obtained above, but with some improvement in the flowing pro- 
perties of the metal which would otherwise run rather sluggishly. It would be 
necessary to keep the sulphur and phosphorus low in order that this increase in 
the carbon should not render the material more brittle. 

The causes of this growth are discussed at some length, and the reader is 

* “ Cast-Iron in the Light of Recent Research,’* 1918, p. 132. 

•f Iron and Steel Inst., May, 1911. 
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referred to the actual papers or to the very excellent presentation of the whole 
subject given in Hatfield’s book. “ Cast-Iron in the Light of Recent Research. 

Advantage has been taken in America of this growth to reclaim castings 
that were too small, but this method is questionable owing to the tendency to 
weaken the castings, and it is now clear that with castings that are too small 
the only thing to do is to break them up and remelt. 

Internal Combustion Engines. — It is common practice to make the 
cylinders and pistons of internal combustion engines of cast-iron, and as 
these are subjected to rapidly changing stresses and variations in temperature, 
it is important thatTthe metal used should be carefully chosen. Experience 
with gas, petrol, and other internal combustion engines show^s that the iron 
used for such parts as the piston, cylinder (or cylinder liner), and cylinder head 
tends to expand permanently, and that the piston will sometimes seize after 
running a little time. The trouble also extends to the cracking of the piston 
top and of the cylinder (usually close to the valve openings). This trouble- 
some feature is referred to as groAvth of the iron, and it w^ould at first appear 
that this growth is of the same character as that described under the heading, 
“ Growth of Cast-Iron,” but there is some uncertainty about this, as is shown by 
J. E. Hurst.* 

Hurst considers that the change in volume is due to an expansion among 
the grains composing the finer and piston surfaces, caused by the rapid suc- 
cession of changes of pressure within the cylinder. As a result of this, gas and 
lubricant penetrate betw^'een the grains by way of the graphite plates. This 
action is confined to the surface layer only, and causes a loosening of the outer 
grains w^hich becomes the principal factor h}. the w ear of the liners and pistons. 

The cracking trouble, which is most pronounced in the tops of pistons, is 
explained by Hurst as due to the changing state of the carbon constituent 
brought about by the changing temperatures, w'hich effect is greater wu'th 
increasing percentages of phosphorus. Also the behaviour of the phosphorus 
constituent is no doubt partly responsible, and so also the internal gas pressure. 

Hurst’s experiments tend to show that at the high temperatures existing 
in a Diesel engine cylinder the combined carbon is first of aU dissociated at 
temperatures between 750° to 900° C., and is then reabsorbed at the higher 
temperature of about 950° C. The free carbon resulting from the dissociation 
causes an internal stress due to its lower density, while the reabsorption 
produces gaps or cavities in the metal which at once w’^eaken it. This trouble 
is aggravated by the presence of phosphorus w^hich assists the reabsorption 
considerably. The repeated changing of the carbon from the combined state 
to the free state and back again, is sufficient itself to cause repeated expansions 
and contractions in the metal, and to lead eventually to cracking. In all 
probability the phosphorus constituent (phosphide of iron eutectic), which melts 
at 953 C. is partially liquated and thus contributes to the breaking apart of 
the grains. Further, the high and rapidly fluctuating pressures in the cylinder 
forces the gas into the cavities and cracks produced by the absorption of the 
carbon (graphite) and the liquefaction of the phosphide eutectic, and also tends 
to briug about rupture. 

The chief statement made by Hurst is that ‘‘ it has been found, as a result 
of long experience, that the ultimate cracking of Diesel engine piston tops 

* Engineering, August 4, 1916; Iron and 8teel Inst., September 20, 1917. 
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(apart from those cases of mechanically defective pistons), can as a general rule 
be traced to the phosphorus content of the cast-iron.’’ 

A typical analysis of an actual cast-iron piston is given below : — 

Combined carbon . . . . . . 0’73 per cent. 

Graphite . . . . . . . . 2*80 „ 

Total carbon . . . . . . 3*53 ,, 

Silicon .. .. .. ..1*92 „ 

Sulphur .. .. .. .. 0T44 „ 

Phosphorus .. .. .. 1-08 „ 

*• Cast-iron pistons of this type almost invariably crack after actual use in 
the Diesel engine. By the reduction of the phosphorus content of the cast- 
iron to the low^est possible limits, the life of the piston was considerably pro- 
longed and the troublesome cracking practically eliminated.” 

The German chemical authorities, as reported in the proceedings of the 
Chemical Society, state that where iron has to be used in work at which 
the temperature widely varies the phosphorus content should not exceed 0’66 
per cent. The reason for this is that the phosphide eutectic takes up varying 
forms with each change from high to low temperatures, and the iron crystals 
(grains) regroup themselves round the new form, thus causing a change in 
shape. 

It is difficult to secure a regular supply of castings containing 0*5 to 0*6 per 
cent, phosphorus, although many foundries will undertake to do it. Usually 
the metal contains about 0*8 per cent., and this appears to be a practical limit 
(maximum). 


Semi-Steel Castings 

This material is regarded by many engineers with suspicion, and not with- 
out cause, because many foundries do not understand the method for its 
production. 

Briefly semi-steel is simply a high grade cast-iron possessing fewer impurities 
and a better physical structure than the ordinary grades of cast-iron. In 
practice it is produced by adding from 10 to 40 per cent, of steel scrap to the 
grey iron ; melting the mixture in the cupola. Some foundries add the steel 
to the molten iron when in the ladle, but the proportion that actually melts 
can only be small (seldom more than 5 per cent.), and the mixing is very imper- 
fect, the resulting metal being patchy and of uneven grain and hardness. 
Obviously, the melting together of the two main ingredients, scrap steel and 
grey iron, must tend to produce a metal of a more uniform and consistent 
quality than that obtained by the ladle method. Moreover, a greater proportion 
of steel can be added to the metal. 

Semi-steel is superior to ordinary grey iron in regard to tensile, compression, 
transverse, and impact tests. It resists shocks and wears better than cast-iron 
and it also possesses a higher degree of elasticity and toughness. The structure 
is close-grained, uniform, and generally the castings are free from blowholes 
and hard spots. The steel appears to prevent the formation of large graphite 
flakes and these are finely broken up and well distributed. The phosphide 
areas also are small and well distributed. Although the composition of the 
metal is important the qualities of semi-steel are mainly dependent on its 
physical structure. Thus the close fine-grained structure, the formation of the 



362 


MATERIALS & DESIGN 

jc^te^ and the uniform distribution of the phosphide areas account for its 

/nigh physical strength. The machining quality of semi-steel is superior to 
that of grey iron and high speeds can be adopted, while the metal also takes 
a better polish. 

The composition of semi-steel depends on the class of iron used, and on the 
proportion of steel scrap added. One of the claims of the semi-steel enthusiasts 
is that the ordinary common grades of iron can be used and that good results 
are obtained. Although this is correct to a certain extent, there is no 
doubt but that the use of better irons such as hematite will produce still 
better results. 

For light castings of thin sections a small proportion only of steel is added 
(10 to 20 per cent.), but for the heavier castings the percentage of steel may 
reach 40 or even 50 per cent. 

The following results quoted by Cameron * are interesting because they 
represent regular everyday practice. Three transverse test bars, 15 inches 
long by 1 inch square, were cast and on test were found to have an average 
tensile strength of 15 tons per square inch and an average transverse strength 
of 26| cwt. with a deflection of 0T2 inch under 2,500 lbs. (on 1 inch by 1 inch 
bar at 12-ineh centres). 

The comxjositions of these bars are given below : — 





Xo 354. 

No. 355. 

No. 356. 



■ 

Per cent. 

i Per cent. 

Per cent. 

Carbon (total) 



3-409 

! 3-426 

3-279 

Carbon (combined) 



0-510 

j 0'578 

0-589 

Carbon (graphite) . . 



2-899 

' 2-848 

2-690 

Manganese . . 



0-810 

0-520 

0-680 

Sulphur 



0-062 

: 0038 

0-058 

Phosph.orus 



O-GOO 

0'550 1 

0-570 

Silicon 



2-450 

2-120 

2-380 


Other bars gave higher tensile figures, and w ith some bars of smaller section 
(5 inches long by f inch diameter) an average of 18 tons per square inch was 
obtained. 

The specification adopted by the American Society for Testing Materials 
in 1922 is summarised as follows : — 

The transverse test specimen is 15 inches long by 1^ inches diameter and is 
cast vertically, a taper of inch being allowed for drawing and for the strain 
of pouring. This specimen wEen placed horizontally upon supports 12 inches 
apart must w ithstand a load (centrally applied) of 3,800 lbs., and deflect under 
this load at least 0T2 inch at the centre. 

The tensile test piece is machined from one of the broken pieces of the 
transverse test specimen and must show^ a minimum tensile strength of 12*5 
tons per square inch. 

Semi-steel is employed successfully for cylinders, pistons, gear wheels, 
hydraulic valves and cylinders, and also for many other castings that are 
required to resist wear and friction. Owning to its close-grained structure 
this material w ill w ithstand high water pressures without signs of leakage. 

* Semi-St^el,” J. Cameron, InsL British Foundrymen, 1922 . 
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Mr. Fletcher suggests the following composition for semi-steel for use in 
cylinder, hydraulic valves, and fairly heavy munition castings : — 


Carbon, total 
Carbon, grapliitic ) 
Carbon, combined J 
Manganese 
Phosphorus 
Silicon 


ratio 


2*8 to 3‘2 per cent. 
. . 3 0 „ 3-2 

. . 0*6 „ 0*9 

under 0'30 ,, 

.. 10 to 1*5 


The relationship of the total carbon to silicon should be : — ■ 

Castings 2 inches thick and above . . C+Si=4-2 per cent. 

,, 1 inch to IJ inches thick .. C-}-Si=4'3 ,, 

J ,, I inch thick .. C-fSi = 4*5 „ 

i „ „ .. C + Si=5-0 „ , 

David McLain is probably the biggest exponent of semi-steel castings and 
many foundries have adopted his system for producing this material. The 
procedure in melting and casting is very different to that for producing ordinary 
grey iron, and, in consequence, some foundries are failing to obtain satisfactory 
results although they offer to supply semi-steel castings. 


Malleable Castings 

Malleable castings are made from a special quality of white pig-iron, and, 
in order to reduce the brittleness associated with cast-iron, they are subjected 
to what is commonly referred to as an “ annealing process.’’ 

This process of annealing or malleablising, which is a lengthy one, gives 
to the castings the property of resisting shock to a remarkablr degree. This 
likeness to ordinary malleable iron (wrought-iron), and the fact that the parts 
can be produced and machined with such ease, compared with forgings, makes 
the process a valuable one. 

Two distinct variations of the process are in use : — 

(1) the original or Reaumur, generally referred to as the “European” 
or “ White-heai’t ” method ; and 

(2) the “ American ” or “ Black-heart ” method, used extensively in 
America. 

The difference between the results obtained by these methods is seen at 
once by examining the fractures : the Reaumur castings having a white glisten- 
ing uniform structure which gives them the name of white-heart in contra- 
distinction to the latter or black-heart castings, which exhibit a dark or black 
structure often surrounded with an outer layer of white iron * following the 
contour of the casting and situated at its surface. 

The object of both processes is to reduce the carbon from the combined 
form (iron carbide) to a state in which it exerts httle or no influence on the 
mechanical properties of the metal, which then behaves in a manner similar to 
wrought-iron. 

‘‘ White-heart ’ ^ Method, — In the Reaumur process the carbon (during 
the annealing operation) is not only reduced from the combined form, but is 
removed to a great extent by oxidation, thus leaving the metal nearly free 
of carbon, which accounts for the white structure referred to above. 

* In America this type of fracture is considered poor and the material is known as 
“ picture frame stuff,’* because of the white layer of iron that surrounds the black centre. 
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Th^ castings are made in the ordinary way and then subjected to the 
annea^ig process, which oxidises and removes the carbon. The process, 
howjAT'er, is not adaptable to any class of iron ; grey iron cannot be used 
be^Jjause the large graphite flakes when oxidised away leave spaces, and the 
jrotal becomes useless. ^Vhite iron must be employed, and must be carefully 
selected with regard to its impurities. The castings when taken from the mould 
should be hard, brittle, and free from graphite.^' 

The castings are “ packed in iron oxide (usually red hematite ore) and 
heated to 900“ to 950“ C. for a considerable period, often running into several 
days, when the carbon is almost completely oxidised away. 

Although the malleable casting industry is a very old one the average 
engineer has not had sufficient faith in the past in malleable castings to employ 
them for important and reliable mechanical structures. This is due to the 
variable and uncertain qualities of the castings produced by many foundries, 
a condition of affairs that was undoubtedly the result of a pohcy of secrecy 
and trade jealousy, and to the fact that the main underlying principles were not 
known or understood by more than a few of the trade. Fortunately these 
conditions have given way to a more enlightened policy, and malleable iron 
castings of a consistent and high standard of quality are now produced quite 
regularly. Apart from their application to i:gilway purposes, wffiite-heart castings 
are used in large quantities for many important parts in automobile construction. 

Since the majority of malleable castings produced in England are of the 
white-heart type, it is necessary to consider the characteristics of this type and 
to appreciate some of the factors that govern the success of such castings 
in their applications to general engineering. In the first place sulphur is the 
dominating factor. It is the high percentage of sulphur in the British irons 
that prevents the general adoption of the black-heart method in this country. 
In America low sulphur irons are readily obtainable and this, combined with 
the fact that production is on a large scale, makes it possible to produce the 
black-heart type of casting. Sulphur retards the dissociation of the com- 
bined carbon and in consequence it is necessary to anneal the castings at 
high temperatures to break doAvn the combination and to effect oxidation of 
the carbon wdth sufficient rapidity. Some of the Enghsh foundries are producing 
castings of the black-heart type, using a proportion of u*on that is obtained 
either from America or Sweden, but, judging by published figures, this material 
is not equal to that produced in the U.S.A. 

Most of the metal for white-heart castings is melted in the cupola, as this is 
the cheapest method of melting. Crucible melting is also adopted, but owing to 
the higher cost of this method it is confined to w^ork in which quality is the 
main consideration. The chief advantage of crucible melting is the absolute 
control of the composition, whereas with cupola melting the iron absorbs 
sulphur from the coke and loses silicon and manganese by oxidation. The 
cupola can be controlled so as to produce cast after cast each having the same 
composition (within fairly narrow limits), but the main defects of this method 
of melting still remain and these are the absorption*' of sulphur and the loss or 
variation of the other constituents silicon and manganese. Although fairly 
mw sulphur pig-iron can be obtained and is generally used, it is not imcommon to 
find the castings containiug up to 0*4 per cent, sulphur and even more. With 
care in the selection of the iron and in the melting it is possible to prevent the 
sulphur exceeding 0*2 per cent. 
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During solidification in the moulds the metal shrinks more than ordinary 
grey cast-iron and for this reason the feeders are usually made larger to prevent 
‘‘ drawing ’’ or sponginess. Thus it is important to avoid abrupt changes in 
section unless it is possible to provide a feeder to the heavy section. The 
castings when taken from the mould are extremely hard and brittle and if the 
part is a complicated one of varying section the casting may crack quite easily 
because of the internal stresses set up during cooling. This difficulty is over- 
come to some extent by removing the castings from the moulds (while hot) to 
a furnace in which they are allowed to cool slowly. The design of the part, 
however, should be considered from the foundryman’s point of view, when no 
doubt it will be found that increasing the thickness of certain portions of a 
pattern wHl reduce the manufacturing risks and thus reduce the cost of 
production. 

The packing of the hard castings in the annealing cans for the annealing 
operation is an important phase of the process. Hematite ore (iron oxide) 
is used, and is kept up to strength by adding a proportion of new ore. The ore 
serves two purposes : firstly to oxidise the carbon in the castings and, secondly 
to support the castings during the prolonged heating which the q)rocess of 
annealbig requires. Unless the packing is efficient a proportion of the castings 
will sag or become distorted to an extent which will render them useless for 
service. Most foundries employ a “ straightener,’’ whose work is to correct 
the castings that have distorted during the annealing operation. 

Very few foundries produce true white-heart castings (i.e. metal almost free 
from carbon) ; in fact, the only castings that come up to this standard are those 
of thin section, varying from the thinnest up to I inch thickness. The reason for 
this lies in the difficulty of removing the carbon from the inner portions of the 
castings. The annealing process depends on the action of gases which enter 
the casting and oxidise the carbon. This action naturally commences at the 
outer layer of the casting and then gradually penetrates into the metal, the 
centre portions being the last to be affected. Thus a casting when broken will 
be found to have more carbon in the centre of the section than in the outer 
layers. When the section is a large one the time required to effect removal of 
the carbon (even to within a reasonable amoimt) is very considerable and might 
be 15 to 20 days. Further, it is evident that the thinner sections of a casting 
will lose their carbon more completely than the thicker sections, and therefore 
will be softer and more ductile. 

In the black-heart method the object of annealing is not to remove the 
carbon (although a small amount is oxidised), but simply to precipitate it from 
the combined into the free state (as nodules of graphite). This precipitation 
of carbon proceeds uniformly over the entire section of the casting and, because 
of this, thick sections possess almost the same qualities as thin ones. No 
carbon is left in the combined state and the annealing does not depend on the 
action of gases for the removal of carbon. Thus black-heart castings possess 
a structure which is uniform over the complete section, whereas white-heart 
castings have a structure which varies from the outside surface to the centre 
of the section, there being more carbon (in the combined state) in the centre 
portions than at the surface layers. 

This variation in white-heart castings sometimes accounts for the fact that 
such castings can be macliined on the surface (perhaps to a considerable depth), 
but owing to the hard core in the centre it is difficult, if not impossible, to drill 



366 MATERIALS & DESIGN 

a hole through them. This condition is an extreme one, and such castings may 
be said to have been annealed insufficiently. Even when large castings have 
been annealed well, there is a considerable difference in the machining qualities 
of the metal at the centre of the section as compared w ith the outer portions. 

To overcome this difficulty many foundries modify the composition of 
the iron in such a manner as to bring about the precipitation of a proportion 
of the combined carbon (in the same manner as with black-heart metal), and 
by this means reduce the j)ercentage of combined carbon in the centre portions 
of the casting. The greatest care is taken to prevent the percentage of sulphur 
from increasing, and the silicon content is adjusted to ensure the rapid precipi- 
tation of carbon (w^hen annealing). Such metal is not true w^hite-heart nor is it 
black-heart, but it gives very satisfactoiy results and in j^ractice it is found that 
castings of thick section are fairly uniform in structure from outside to centre 
and machine with equal facility ahnost at any portion. Thus castings produced 
in this manner contain a certain proportion of carbon in the form of graphite 
nodules, Avhich are distributed over the main portion of the metal. A small 
amount of carbon remains in the combined state and takes up the form of 
pearlite. This pearlite will be more in evidence at the centre of the section 
than at points nearer the surface of the casting. 

The principal defects in malleable iron castmgs are as follow s : — 

(1) Hard metal, due to insufficient aimealing which in turn may be the 
result of an unsuitable composition. 

(2) Peelmg of the metal, generally due to over-annealing or over-heating 
during anneahng. 

(3) Distortion, caused during the annealing ojDeration through inefficient 
pacKing. yuch castings may often be reclaimed by hammering or pressing 
back to shape (thick sections should be heated to a dull red, about 650° C.). 

‘‘ Black-heart '' Process.— This differs from tne white-heart process 
in that only a httle of the carbon is oxidised aw ay, and this only at the outer 
surface of the castings. The carbon is reduced from the combined form and 
remains distributed throughout the mass in a line granular state giving the 
characteristic black appearance to the fracture. 

This process is the one adopted generally in America, where malleable iron 
castmgs are produced on a large scale and are employed more widely than in 
England. As stated already the success of this method depends on using irons 
of very low sulphur content and, as such material is readily obtainable in 
America, the process is almost universal there, whereas in England such iron is 
difficult to obtain and, for most purposes, is too expensive. Moreover, owing 
to the fact that the iron must be melted in the open-hearth, or air type of 
furnace, it is necessary to produce a large tonnage in castings in order to make 
the process a commercially economic one. With a few notable exceptions the 
malleable icon foundries in England are too small to adopt this process on a 
competitive basis. There are a few, however, who manufacture black-heart 
castings, but it is doubtful whether these compare favourably with the 
American-made material. 

The iron is melted in open-hearth furnaces or more generally in air furnaces 
in order to prevent it absorbing sulphur from the fuel and in order to regulate 
its composition more closely. The castings when taken from the moulds are 
hard and brittle and exhibit a fracture somewhat similar to those obtained 
with the cupola metal. They contain much less sulphur, however, and because 
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of this the annealing operation is simpler and can be carried out e .. a lower 
temperature than that required for the white-heart material. 

The annealing operation is conducted at a temperature of about 750° C. to 
850° C., and no attempt is made to oxidise the carbon, the castings being packed 
in sand, slag or scale, simply with the object of supporting them dm-ing anneal- 
ing. The combined carbon dissociates completely (or nearly so), and takes up 
the form of nodules or rosettes, which are distributed uniformly over the entire 
section of the casting. A small amount of oxidation may take place at the 
surface, in which case a thin white sldn of iron is formed but in good material this 
is not pronounced. This dissociation of the combined carbon x>roceeds more or 
less uniformly throughout the mass of the casting and for this reason the annealing 
of thick sections is almost as rapid as with thin ones, a condition which is very 
different to that experienced in the annealing of white-heart castings. Thus 
black-heart castings machine with equal facihty at any portion of their section. 

Since the process is one of dissociation and precipitation only, and does not 
depend on the slow action of an oxidising gas (as with white-heart annealing), 
the time required for annealing is much less than that required with the white- 
heart method. This combined with the fact that a lo^ver temperature is 
employed, results in less distortion of the castings and thus eliminates one of 
the most serious troubles of the white-heart process. 

Comparison of the two Types of Castings. — The average composi- 
tions and physical properties of the two materials are given in the table below. In 
practice it will be found that both materials often depart very considerably from 
the figures quoted. This is the case particularly with white-heart castings, the 
mechanical properties of which depend very much on their thickness . The figures 
given in the table are based on the results of tests made on the standard test bar 
(section 1 inch wide by | inch thickness with elongation centres 3 inches apart). 

Usually true white-heart castings do not exceed \ inch in thickness and then 
the total carbon may be as low as 0 2 per cent, (no free carbon). The tensile 
strength ^vill be about 22 tons per square inch and the elongation about 5 to 7 
per cent. The more common material contains a greater amount of carbon, 
and as a rule the percentage increases as the thickness of the casting increases. 
This reduces the elongation to about 2 to 3 per cent., but the tensile strength 
may be anything between 17 and 30 tons per square inch. 

Black-heart castings made in England do not give test results equal to those 
claimed for the American-made material. Usually the elongation is under 10 
per cent, with a tensile strength of about 20 tons per square inch, but with the 
American material elongation figures of 12 to 15 per cent, are common and the 
tensile strength is about 25 tons per square inch. 


“ White-heart.” | 

” Black-heart.” 

Carbon, combined 

Less than 0*4 per cent. 

Nil or trace 

Carbon total 

„ „ 0-8 

1*5 to 2*5 per cent. 

Manganese 

0*10 to 0*40 per cent. 

010 „ 0-35 „ 

Sulphur 

0*25 per cent. 

0*10 per cent. 

Phosphorus 

0-10 „ 

0*20 

Silicon 

0*50 to 1*10 per cent. 

0*50 to 1*20 per cent. 

Tensile strength (ultimate) 

! 18 to 25 tons 

16 to 22 tons per square inch 

Elongation per cent. . . ^ 

3 to 5 per cent. 

I 5 to 10 per cent. 

Bending test . . . . I 

45° to 90° 

90° to 180° 

Surface of casting 

Rough, often with scabs 

Clean and regular 
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It will be noticed that with the white-heart method a high sulphur content 
is permissible, but that the phosphorus should be low. On the other hand, 
the black-heart method demands a low sulphur content, but is workable v\ ith 
a high phosphorus value. 

Reference is made to the surface of the castings because it is generally 
desirable to leave these in their natural state if possible, and thus reduce machine 
work and corrosion. Thus the white-heart method, on account of the higher 
annealing temperature, produces a rougher surface, often with scabs, and is 
not so good in this respect as the black-heart method. 

The principal tests on malleable iron are the tensile and bending tests. 
These are usually made on test bars 1 X inch section as cast, and the 
elongation measurement is made over a distance of 3 inches. For the bend 
test the bar is bent over a bar of 1 inch radius. 

The impact test is also applied in some cases, but the values obtained 
are very low, varying from 3 to 10 ft.-lbs. on the Izod machine for black-heart 
castings and much less for white-heart castings. 

Steel Castings 

Steel castings are being ijsed more and more for portions of rolling stock, 
automobile and other vehicles, thus showing that the qualities of soundness 
and dynamic strength have reached a level which enables designers to place 
confidence in the material. 

Some of the more up-to-date foundries have installed electric furnaces 
for melting the steel, and apparently the purity of the resulting steel is well 
under control, and sound castings are more easily obtained. The difficulty, 
however, of producing castings of varying cross section, especially if the change 
in section is abrupt, still remains, and it is necessary, therefore, to design parts 
intended as steel castings so that such changes in section are eliminated as much 
as possible. The contraction of the castings is considerable, and this is respon- 
sible for many of the difficulties in casting, such as cracks and flaws. For this 
reason the castings should be removed from the mould as early as possible 
after solidification. 

The pouring temperature is about 1500° to 1550° C., and the metal during 
cooling contracts about | inch per foot. Below the temperature of 1500° 0. 
the metal runs thick while only a few degrees lower it is quite j)asty. Thus 
it will be understood hoAv difficult these castings are to produce, and how easily 
the metal is likely to be contaminated with gases obtained not only in the 
furnace by occlusion, but also from the mould itself which of course consists 
of silica sand and other heat-resisting materials. The use of silicon in removing 
these occluded gases is important, and its presence in such amounts as 0*3 
to 0*4 per cent, is explained. 

It is common to employ chills, and to apply these to the thicker sections 
to expedite the cooling and thus prevent rupture. These chills, of course, 
are placed in the mould or form part of it. Iron nails are frequently employed 
for the pui^ose, and examination of some steel castings will reveal such nails 
embedded in them. This practice, however, cannot be considered good owing 
to the fact that the nails do not unite with the molten steel and consequently 
cannot add to the strength of the casting apart from their action in chilling. 
Also they are liable to produce leaky castings. 
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Composition. — The compositions of several castings are given in the 
following table : — 


Some Analyses of Steel Castings 



Automobile 

Frame 

Brackets. 

Automobile 

Castings. 

Automobile 

Castings. 

Common 

Steel 

Castings. 

Heavy Section 
Castings. 

Carbon . . 

0*19 

0*26 

0*16 

0*42 

0*25 

Manganese 

0*39 

i 0*56 

0*27 

0*88 

0*60 

Sulphur 

0*023 

0*012 

0*065 

0*023 

0*054 

Phosphorus 

0*025 

0*028 

0*038 

0*024 

0-048 

Silicon . . 

0*29 

1 0*29 

t 

0*14 

0*32 

0*35 


The composition of good steel castings should comply with the following 
specifications : — 


Carbon . . 
Manganese 
Sulphur . . 
Phosphorus 
Silicon 


. . 0*16 to 0*21 per cent. 

0-4 „ 0-5 „ 

Not more than 0 03 „ 

„ » 003 

. . 0-20 to 0-35 


For less imix)rtant work, where a lower dynamic strength is permissible, 
the composition may comply with the following specification ; — 


Carbon . . 
Manganese 
Sulphur . . 
Phosphorus 
Silicon 


0*2 to 0*4 per cent. 
• • 0*6 ,, 0*7 ,, 

Not more than 0*04 ,, 

„ » 0*04 

. . 0*25 to 0*35 


Mechanical Strength. — ^The average test figures obtained with steels 
of the above compositions are as follows : — 


Spec. 

Yield, 

Ultimate, -* 

Elongation on 

Reduction Area,! 

Impact (Izod) 

tons per sq. in. 

tons per sq. in. j 

2 ins., per cent. 

per cent. 

ft.-lbs. 

No. 1 .. 

20 1 

30 

28 

40 

25 

No. 2 .. 

18 1 

28 

22 i 

i 

30 

10 


These tests are on heat-treated castings as supplied by the foundry people. 

The most usual test apphed is the bending test, the size of the test piece 
being 1 inch X f inch section and 7 inches long. Such a test piece should bend 
round a radius of | inch through an angle of 180° for the best composition, 
and about 90° to 120° for the second composition. 

Heat Treatment. — ^AU castings should be supphed in the heat-treated 
condition. A coarse crystalline fracture indicating a low impact figure at once 
shows that the material is unsuitable, and that the heat treatment has not 
been carried out, or at least has not been sufficient to refine the structure. 

The importance of heat treatment on the d 3 mamic strength is shown by 
the following test. A casting of about 0’16 per cent, carbon content gave 

2 B 
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an impact value of 3 ft.-lbs. when received, but on normalising it at 870° C. 
(soaking time 15 minutes) the impact value rose to 36 ft.-lbs, thus showing 
that the heat treatment had been omitted. Two pieces cut from another 
casting adjacent to each other were tested, one in the received state and the 
other after annealing at 850° C., and slowly cooling in the furnace for 15 hours. 
The results were as follows : — 


state. 

Yield. 

Ultimate, 

Elongation, 

Reduction Area, 

Impact (Izod), 

tons per sq. in. > tons per sq. in. 

per cent. 

per cent. 

ft.-lbs. 

As received 

17-8 

28*4 

27 0 

1 33*6 

11, 13, 15 

Annealed 

18*1 

30*3 

36 0 

58*5 

27, 35, 27 


From the above results it is evident that the heat treatment of steel castings 
should be watched. The temperatures and mode of" treatment are the same 
as for ordinary mild steel, but naturally the breaking down, of coarse crystalline 
structures will require more time or higher temperatures, or perhaps more 
heats, than are usually necessary for steel forgings. This matter is dealt with 
more fully in Chapter X. 

Applications of Ferrous Castings 

The selection of one or other of the four classes of ferrous castings for a 
particular coi iiponent is usually a simple matter. Each class has a fairly definite 
range of applications and, generally, the size of the component and th6 duty it 
is called upon to perform place it into one or other of these ranges. There are, 
however, many instances in which one class of casting may be more suitable 
than another for a particular part although it may have been customary to 
employ the latter. In some cases the selection of the material may be the 
result of a very fine balance between the qualities or virtues of two classes (say, 
malleable cast-iron and steel castings), the points in favour of one only just out- 
weighing those of the other. Thus it is necessary at times to compare one type 
of casting with another, bearing in mind the various factors that enter into the 
construction of the part and the work it has to do when in use. 

The engineer and desi^er have to consider a number of points when deciding 
which of the ferrous castings is the more suitable for a certain component, and 
these points may be classified roughly as follows : — 

(1 ) Stresses when in use. 

(2) Durabihty and reliability. 

(3) Machining qualities. 

(4) Total cost. 

(5) Appearance and finish. 

The above points and the extent to which each type of casting fulfils the 
requirements are dealt with briefly below. 

Stresses.— Castings that weigh m.ore than, say, 5 cwt. are either ordinary 
^ey iron or steel. Very few malleable iron castings are made that exceed 2 cwt. 
in weight, while semi-steel is mainly confined to parts under this weight. Thus 
the choice of materials for all large and heavy castings lies between iron and 
steel. Now grey cast-iron (owing to its high compressive strength) is particu- 
larly suitable for bed plates and other parts that are required to resist heavy 
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loads under compression. It is, however, inferior to cast steel m regard ta 
tensile strength and resistance to shock, and because of this it is customary to 
employ steel castings for all parts subjected to severe tension loads as in the case 
of rolling mill housings. Cast-iron is of little use for parts req^uired to with- 
stand sudden or repeated shocks, thus many of the castings used in ship con- 
struction, such as stem posts and rudder frames, are made of steel. Large gear 
wheels are now made in cast-steel in preference to cast-iron because of the 
greater strength of steel and the high resistance which the teeth of the gear 
offer to the suddenly applied load. In the case of flywheels weight is the 
principal factor, and as this means a large cross-section the burstiug stress is 
usually low enough to enable cast-iron to be used with safety. 

Castiugs of medium and lighter weights may be made of malleable iron or 
semi-steel as alternatives to grey iron or steel, and tiie choice of material, 
therefore, is greater than with the very heavy castings. 

Malleable cast-iron is much stronger and much more ductile than cast-iron, 
and there are many instances where it could be used with advantage in place of 
cast-iron. The weight of the part could be reduced considerably, and because 
of the greater ductility of malleable iron the factor of safety could be lowered. 
This applies particularly to thin sections, in which, with grey iron, there is always 
a tendency to produce a hard, brittle material. 

Steel castings are even better than malleable iron castings for the heavier 
and thicker-section parts, but when the section is less than half-inch thick then 
malleable iron is probably the better of the two. Malleable iron melts at a 
lower temperature than steel and is more fluid, a condition which makes it 
possible to obtain castings as thin as one-sixteenth of an inch. With steel, the 
main difficulties are due to the rapidity with which it freezes (owing to the high 
freezing point). This fact and the rather serious contraction that takes place 
accounts also for the difficulty in obtaining sound castings, especially when the 
section changes abmptly from a thin one to a thick one. As a rule, malleable 
castings are freer from blowholes than steel castings, so that, taking all the 
factors into account, steel, in spite of its higher tensile strength and greater 
ductflity, is not always a better material than malleable iron for the smaller 
castings. 

Distortion is an important factor with both malleable and steel castings. 
Usually it can be corrected, but with very large castings it may be impossible 
to force the casting back to its correct shape, and in consequence it may not 
be possible to machine certain faces* to the correct dimensions. 

Semi-steel castings will replace cast-iron in the near future for many of the 
smaller parts in machinery because of its greater strength and increased tough- 
ness. It is, however, a material that is more nearly hke cast-iron than either 
malleable iron or steel. It cannot be regarded as a substitute for either of 
these two latter materials. 

Durability and Reliability.—^The useful life of a material depends on its 
degree of resistance to wear and corrosion. Unusual or unexpectedly high stresses 
may be set up and naay cause a more or less rapid rupture of the part, but ruling 
out such infrequent occurrences, and also the slow internal changes that take 
place in most materials, wear and corrosion may be regarded as the principal 
factors that limit the period of usefulness. 

Reliability is to some extent, interconnected with durability, but in the 
early stages of the useful life of the material it represents the degree with 
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which the actual performance approaches the expected or calculated per- 
formance. Thus small steel castings of thin section are not so reliable as 
malleable iron castings, chiefly because of their unsoundness. Castings as a 
class are not so reliable as forgings because a bigger percentage fail in use. 

The wearing properties of a material must not be confused with the qualities 
that go to make up an efficient bearing material. In the one case the material 
must resist rubbing or abrasive action, and in the other it must be capable of 
wearing away in preference to the part that runs in it. 

Steel castings are more suitable that grey iron castings for parts subjected 
to constant friction. Malleable iron castings of the white -heart type also are 
superior to grey iron. On the other hand, steel and malleable iron castings do 
not possess the quahties of a bearing material which are associated with cast- 
iron, and which are dependent on the presence of graphitic carbon in the metal. 
Semi-steel resists wear to a greater extent than grey iron, but not to the same 
degree as steel or malleable iron castings. 

The wiiole range of ferrous castings resists corrosion to a much greater extent 
than do parts made of iron or steel which has been roUed, drawn or forged. 
Malleable cast-iron, and steel castings in a lesser degree, are remarkable for 
their great resistance to corrosion. The wide use of these two materials for 
railway rolling stock, mining equipment, and agricultural machinery is mainly 
due to this special quality, which makes it possible to leave such machinery 
exposed to the full action of the elements without serious risk of a breakdown. 
With such castings a coating of rust very soon forms on the surface, but this 
appears to prevent any further attack, and. in consequence the part can be left 
exposed for years without any real weakening of the section taking place. 

Grey iron and semi steel possess this valuable characteristic also to a very 
great extent, as is shown by the use of cast-iron columns for supporting piers 
and jetties in the sea. For the smaller and the more general run of castings for 
mechanical work, however, the better materials are steel and malleable iron 
castings. 

Machining Qualities. — ^The machining properties of the four classes of 
ferrous castings are influenced often by certain faults in their manufacture. 
Generally, it may be said that semi-steel can be machined at higher speeds than 
ordinary cast-iron. Malleable iron and steel castings machine mth equal 
facility and, as a rule, at higher speeds than cast-iron. On the other hand, cast- 
iron when annealed to improve its machining quahties will cut almost hke brass 
and at about the same speeds. Occasionally, white-heart malleable castings 
win prove to be exceptionally hard and will behave hke tool steel. Such cast- 
ings, of course, have not been annealed sufficiently and for most purposes 
should be rejected. Steel castings sometimes prove patchy, and whl machine 
readily in some parts and yet be exceptionaUy hard in others. In all piobabhity 
the annealing is at fault or has been omitted altogether. Grey iron is often 
troublesome in thin sections, due to the dulling action of the mould, which action 
retains^ a large proportion of the carbon in the combined form. In most cases 
annealing for one hour at 700° C. will overcome the difficulty and the metal wiU 
machine with ease. Semi-steel is subject to the same trouble. 

Total Cost. — ^The size of the part or the duty it is designed for often limits 
the choice to one kind of casting only, and therefore cost does not influence the 
selection. Thus cast-iron may be ruled out because the part must be capable 
of resisting shocks, and then steel castings may prove unsuitable on account of 
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shape of the part (owing to extreme variations in thickness) or oecause the 
section is too thin for this material. Malleable cast-iron then becomes the only 
material available, since semi-steel is only one degree better than cast-iron. 
Resistance to wear may limit the choice to steel castings and alternatively the 
necessity for a material having a low coefficient of friction will compel the 
engineer to use grey iron for cylinder castings, piston rin^, and other sliding 
parts. 

On a weight basis grey iron is the cheapest material, the others following 
in the order given : semi-steel, steel, and malleable iron. Thus for all heavy 
parts it is desirable to employ grey iron, but with medium and light parts 
advantage may be taken of the greater strength and ductility of malleable iron 
and steel castings to reduce the section of the part, and thus to reduce its 
weight to an extent which will result in lowering the cost or, at any rate, in pro- 
viding a superior article at a cost no greater than that obtained with grey-iron. 
A desire to secure such a result must not, however, lead the designer into reducing 
the section of the part to such limits as to sacrifice strength for economy in 
cost. 

Appearance. — ^As a rule steel castings have a very rough and unfinished 
appearance due to the high casting temperature and the class of saiid employed 
for the moulds. Grey iron castings, on the other hand, can be made so that 
their surface is quite smooth and regular. This is very pronounced with the 
high silicon and high phosphorus irons such as are used for very small castings. 

Malleable iron castings of the black-heart type are almost as clean and 
smooth as grey iron castings of the same size. The white-heart type of castings, 
however, are not always so clean and regular as the black-heart, owing to the 
higher annealing temperature and the action of the ore on the surface, resulting 
in pitting, and sometimes forming scabs. 



CHAPTER XV 


NON-rERROUS METALS AND ALLOYS 

In general engineering practice very few of the non-ferrous metals are used 
alone. - As a rule they are alloyed to other metals, in which state they then 
become of immense service to the engineer, and his interest, therefore, centres 
more on these alloys than on the actual metals themselves. There are, however, 
two metals which in their unalloyed state are used very extensively, and these 
are Aluminium and Copper. Also there are others which are used to a much 
less extent, and among these may be included Lead, Tin, and Zinc. These 
metals, however, cannot be regarded as constructional materials owing to 
their extreme softness and low mechanical strength. They form what may 
be regarded as “ accessory materials ” : Lead being used mainly for piping 
or as sheet for covering ; Tin for linings, pipe work, and sometimes sheet ; while 
Zinc is mainly useful in its sheet form for such purposes as ventilators and 
other weather-exposed parts. It was at one time used for roofing, but has 
been almost superseded by galvanised iron. 

The two principal metals, aluminium and copper, will first be considered 
m this chapter, and then the various alloys w^hich are of most use com- 
mercially. ^ 


Aluminium 

The extreme lightness of this metal, combined with malleability and 
moderate resistance to corrosion, accounts for its ever-increasing use. Also, 
its high electrical conductivity has given it a prominent place in electrical 
work. 

Owing to the method of manufacture, the commercial metal contains copper, 
iron, and silicon as impurities. In good material, however, the total impurities 
should not exceed 1 per cent. In second-grade material the aluminium may be 
only 98 per cent, but should not be less. 

The metal is readily rolled or drawn, and can be obtained in almost any 
form such as sheet of all thicknesses down to foil, rod and wire, tubes and 
bars of various sections. It is also used for castings, but as the practice now 
Is to add copper, zinc, or other metals to form a definite alloy, this particular 
application is dealt with under the heading of alloys (page 384). 

„ Although the cost of aluminium by weight is higher than for such metals as 
copper, zinc, lead, it should be borne in mind that its low density (2*70) places 
it in a very favourable position when considered on the volume-for- volume 
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basis. Thus bars, sheets, tubes, etc. have approximately the followiiig weights 
when compared with other materials such as those listed below : — 


Material. | Specific Gravity. 


Aluminium 


2*70 

Copper (rolled) . . 


9-00 

Brass (rolled) 


8*40 

Steel (or Iron) .. 

• • ! 

7-80 

Tin 

j 

7-40 

Zinc 

• • 

7-20 


Relative weight of 
AlumiDium. 

Relative weight of material, 

1 taking Aluminium as 1. 

1 I 

1 

1 

0-300 

3-33 

0*321 

3-11 

0-346 

2-S8 

0-365 

2-74 

0-375 

2-66 



Mechanical Strength. — The rolled, drawn, or forged material gives 
the highest tensile figures, but annealing at, say, 400° C. lowers the 
strength considerably. Taking the annealed condition as the normal state 
of the metal, good quality commercial aluminium should comply with the 
following test figures : — 


Yield (Elastic Limit) . . 

.. 3-5 

to 4’0 tons per square inch 

Maximum Tensile 

. . 5*5 

.. 6-8 

Elongation on 2 inches 

.. 10 

„ 35 per cent. 

Reduction of area 

.. 20 

„ 30 


Rolling and drawing increase the tensile strength, the effect being greater 
a.s the section becomes smaller. The foUoAving figures are those given by 
the Aluminium Company of America : — 



Tons per sq. in. 

Per cent. 

Tensile Strength. 

Yield Point. 

Elongation in 2 ins. 

Reduction Area. 

Sheet (half hard) 

8 to 10 

4 to 5*4 

5 to 12 

20 to 30 

„ (hard) 

10 „ 15-5 

5-5 „ ll-O 

1 „ 7 

20 „ 30 

„ No. 12 Gauge 

11-3 

— 

— 

— 

„ No. 16 

12-6 

— 

— 

— 

„ No. 20 „ 

13-5 

— 

— 

— 

Wire (hard) . . 

11-3 to 25-0 

7-2 to 15 

— 

40 to 60 

„ 40 mil. 

14-0 

— 

— 

— 

„ 80 „ .. 1 

12-6 

— 

j 

— 

„ 120 „ 

11-3 

— 

i 

— 

„ 200 „ 

10-0 

i 




The crushing strength is also given as : — 

Yield point .. ... .. 2*7 to 11-3 tons per square inch. 

Ultimate strength . . . . 7*2 „ 45*0 „ ,, 

Cast aluminium has an average value of 30 tons per square inch for the 
ultimate crushing strength. 
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The strength of ahiminium is considerably affected by temperature as is 
shown by Bengough, who obtained the following results : — 


Temperature of Test. 
<»Cent. 

Tensile Strength, 
tons per sq. in. 

Elongation in 

2 ins. 

Reduction of Area, 
per cent. 

20 

8-57 

12 

75 

200 

6-29 

15 

78 

275 

4-96 

i 17*2 

79 

330 

3*39 

! 20-3 

88 

375 

1 70 

250 

88 

396 

0-96 

560 

90 

520 

565 

610 

0-40 

0-24 

0*29 

88-5) 

70-3 > 

75 0) 

to finest possible 
point. 

525 

0-18 

390 

92 


Heat Treatment. — ^The only heat treatment of aluminium is that of 
annealing the worked metal. The process of working (rolling, drawing or 
forging) deforms the grain structure and hardens the metal, and then annealing 
is the best method of obtaining a good miiform structure. The best temperatures 
for annealing are between 400° and 500° C., but both this and the duration of 
heating (soaking) depend on the degree of cold work put into the metal. The 
grea^ the work the more difficult it is to restore the metal to the normal 
crysMline condition. This is dealt with more fully in Chapter X. 


Copper 

This metal is used mainly in the form of sheet, tubing, and wire. It is 
sometimes cast, but such castings are often unsound and weak. The addition 
of phosphorus, however, appears to remove the difficulty, and good castings 
can then be obtained. 

Copper is one of the purest of the commercial metals. Usually samples 
of tubing and sheet contain 99*90 per cent, of copper, and wire intended for 
electrical conductors may contain only 0*05 per cent, of impurities. The 
following analyses are typical of such materials : — 


Element. 

i 

! 

Electrolytic, 

re-melted. 

Wire. 

Tubing. 

Copper . . 


99-92 

99 9 76 

99-890 

Arsenic . . 


0008 

nil 

0-021 

Bismuth 


nil 

nil 

0-008 

Lead 


nil 

00056 

0 004 

Antimony 


trace 

0-0008 

0-053 

Iron 


0 001 

, 0-0044 

0-004 

Nickel . . 


nil 

0-0018 

0-011 

Sulphur . . 


nil 

0-0016 

0-002 

Oxygen . . 

* • i 

007 

0-0070 

0-006 


It will be seen from, the above table that the amount of each impurity 
is very small, but as the effect is often very considerable, it is necessary 
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to keep each below a certain limit. The effects of these impurities are described 
ill Chapter IX. 

Many tests have been devised to check the quality of copper. Most of 
th^se are of a mechanical character, but a test which has been adopted by 
many authorities (particularly certain Government departments) is the Muntz 
metal test, which is as follows ; — 

3 lbs. of copper are placed in a melting pot, covered with pieces of hard 
wood or charcoal to prevent the loss of zinc when added. W^en the metal 
has melted, 2 lbs. of zinc are added, and the mixture is then stirred and 
run into a cake about 4 inches by 4 inches in an open iron mould. When 
the cake has set, it is allowed to cool gradually in the air ; when cold, the 
cake is nicked with a cold chisel and broken carefully to show the fracture. 
If the cake is tough and breaks with a fine silky fracture, the quality is 
considered good, but if it breaks short with a coarse, stringy fracture, and 
with a yellow colour, the metal is considered bad. 

This test, although an important one, is not an easy one for the engineer 
to carry out, hence the usual common standard tests adopted by the principal 
authorities are mostly favoured. These may be summarised as follows : — 

(1) Copper Sheets (annealed) Gauge, S.W.G. 6 down to 24 or thinner. 

Tensile, strength : 14 tons per square inch (minimum). 

Elongation (on 4 inches) : 20 per cent. Test piece 1| inches wide x 4 
inches between gauge points. 

Bending test : strips, to be cut lengthways and crossways from the 
sheet, to be bent cold through 180°, closed down tight, and then 
hammered to a fine edge. No cracldng should occur. 

(2) Copper Plates, as used for fireboxes. 

Tensile strength : 14 tons per square inch (minimum). 

Elongation (on 8 inches) : 35 per cent. 

Bending test : strips to be tested both cold and at a red heat by being 
doubled over on themselves, i,e, bent through 180°, and should not 
show any cracks or flaws. 

(3) Copper Rods (annealed). 

Tensile strength : 14 tons per square inch (minimum). 

Elongation : 40 per cent. 

Gavge-length : to be 8 times diameter of test piece. 

Crushing test : a piece of rod 1 inch long is placed on end and hammered 
or crushed down to f inch long, when no crack or flaw should show 
up on the circumference. 

(4) Copper Tubes (seamless) (annealed). 

Tensile strength : 14 tons per square inch (minimum). 

Elongation (on 2 inches) : 35 per cent. 

Crushing test: a piece IJ times the diameter is placed on end and 
crushed endways to half its original length. No splitting or cracking 
should occur. 

Drift test : a drift should be driven down the tube so that its diameter 
is increased by 25 per cent. No cracks or flaws should show-up. 

Flanging test : a flange should be formed at the end of the tube, 
having a diameter 40 per cent, greater than the tube. No crack 
or flaw should appear. 

Flattening and bending : an annealed tube should stand flattening 
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and then bending, doubled over on itself, namely, through 180®, 
s!he^ f without cracking or showing flaws. 

^tiown Bursting tests : these are usually hydraulic and are arranged to suit 

the requirements of the actual task. 

T Other tests are in use, such as the twisting test for copper conductors, and, 
of course, conductivity tests for electrical purposes ; particulars of these are 
found in most pocket books or standard specifications. 

Hard-drawn Copper. — ^The cold working of copper induces greater hard- 
ness and strength, but reduces its ductility. The degree of hardness depends on 
the amount of work put into the metal, and also on the size of the final product. 
The tensile strength of hard-draum copper varies from 22 to 32 tons per square 
inch, with an elongation of less than 4 per cent, down to 0*5 per cent. 

Effect of Temperature on Strength.— The effect of temperature on 
the strength of copper is considerable, as the following table shows : — 


Temperature °C. 

50 

100 

150 i 200 

250 

300 

350 

1400 

450 

500 650 

Tons per 



1 

j 






square inch . . 

i 14-8 

1 

14-4 ■ 

i : 

13-8 1 12*9 

1 

12*0 1 

10-4 ' 

1 

9-7 

S‘8 

7-7 

6*3 4*8 


Hard copper changes more than annealed copper, but does not fall below 
the figures given above, although it may be very nearly as low. The importance 
of this change in strength is obvious in view of the temperature at which copper 
tubes and plates are used in such plant as boilers and other steam apparatus. 

Non-Ferrous Alloys . 

The number and variety of these alloys are apt to confuse the average 
engineer, particularly as many are sold under special trade names by makers 
who claim nearly all the virtues for their alloys. However, the tendency with 
most engineers is towards obtaining alloys of certain defined compositions, and 
in time such alloys w^ill be sold and bought under some clear and distinguish- 
ing numerical system which wdll indicate the approximate composition of the 
material. Such a system is really a necessity, because the present one enables 
unscrupulous firms to foist all sorts of unsuitable alloys on to the engineer, w^ho 
is not always able to check his supplies and often does not discover how poor 
the material is until it has been in service for some time. 

It might be said that for certain definite purposes, there are certain definite 
alloys that will give the best results ; aU other alloys are unsuitable, or at the 
best are only poor substitutes. This rather simple method of discrinunating 
is unfortunately not easily carried out in practice. 

Deoxidisers. — ^Most alloys wfil be found on analysis to contain traces or 
even fairly high percentages of what might be considered impurities. These 
additional elements are often purposely put into the alloy with the object of 
improving its soimdness when cast, and thus increasing its strength. 

During the melting or preparation of an alloy, there is usually a certain 
amount of oxidation taking place, and as some metals are capable of dis- 
solving or absorbing these oxides, the result is that the alloy is made weaker, 
and often exceedingly brittle-due in most cases to the fact that oxide does 
not remain in solution in the solid aUoy, but is thrown out to the crystal grain 
boundaries, thus forming a weak path through the metal. 
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The manufacturers of alloys of course take precautions to prevent this 
oxidation occurring by covering the metal in the crucible with such substances 
as charcoal, resin, borax, etc., but at the same time, in order to clear the molten 
alloy of any oxides which are unavoidably formed, they add certain deoxidis- 
ing agents. Thus, with copper alloys phosphorus in the form of phosphor 
copper (or phosphor tin) is added, and this having a very strong affinity for 
oxygen, reduces the dissolved oxides and floats to the surface as phosphate 
of copper. Aluminium is also used, and also many other elements, the 
choice depending on the alloy being made. Although such deoxidising 
agents are added to eliminate the injurious oxides it often happens, owing 
to the comparative absence of these, or to the precautions taken in adding 
a slight excess, that a small proportion of the agent is left in the metal. 
Thus, many bronzes will be found to contain traces of phosphorus or 
of aluminium. 

The addition of these deoxidisers generally increases the fluidity of the alloy, 
thus facilitating casting and eliminating gases which would produce blowholes. 

As a guide in this matter, the folloT\dng list of the usual deoxidising agents 
is given : — 


Alloy. 

Deoxidiser. 

Bronzes and brasses and 

Phosphorus 

other copper alloys 

Aluminium 

Silicon 

Zinc 

Manganese 

Boron compounds 
Magnesium 

Aluminium Alloys 

Manganese 


Phosphorus 

Magnesium 


Pouring Temperature. — The strength of many alloys depends on the 
temperature at which they were cast or poured into the mould. Unfortu- 
nately, there is little published information, but in any case this is a matter which 
must be settled by the foundry people, since it is more or less controlled by 
the size and character of the casting. Thin sections naturally solidify much 
more quickly than thick sections, and it is usual to pour these at high tempera- 
tures, whereas the thicker sections are cast at lower temperatures in order to 
reduce the time of cooling, and consequent grain growth. 

If the metal is poured at too low a temperature there is a risk of the mould 
being incompletely filled, or because the alloy is thick and sluggish there is a 
tendency for slag, scum, or other foreign matter to be carried into the mould 
simply because it cannot float to the top. Again, even when the metal is 
free from such defects it probably solidifies as soon as it enters the mould, and 
succeeding additions do not completely adhere to each other. The result of 
this is lack of cohesion and the formation of unsound castings. 

Rate of Cooling.— The cooling of cast metal can be divided into two 
stages : (1) liquid into solid, and (2) hot solid to cold solid. During the first 
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stage the shrinkage effects take place, and the size of the grain or the 
coarseness of the structure is determined in many alloys. Dealing with the 
shrinkage first, it is clear that when the molten metal has been run into 
the mould the cooling wiQ proceed from the walls of the mould and from the 
cores (if there are any). Thus, those portions of the metal in contact will 
sohdify first and wiU take up the size and shape of the mould, while the re- 
mainder will solidify later. During solidification, however, a change in volume 
takes place and the metal shrinks and, unless there is more to run in and make 
up for the shrinkage, the interior of the casting will not be completely solid, but 
will be spongy or even contain caAdties. This sponginess and any cavities will, 
of course, be formed in the portions of the metal that are the last to cool. To 
overcome this defect the foundryman generally arranges for a good head of 
metal to remain in the gates or feeders, and this runs into the body of the 
casting as the shrinkage takes place. 

In the second stage of the cooling the alloy may only contract in the 
manner normal to most heated bodies, but in very many cases various internal 
changes, both chemical and physical, take place, and these are often accom- 
panied by a change in volume. Apart from such volume change (which is 
simply one that affects the ultimate contraction and can be allowed for) there 
is the question as to whether the rate of cooling hinders these internal changes 
in any wa3^ As a matter of fact, in those alloys which undergo chemical 
or physical changes at certain temperatures during cooling, the structure 
existing at a higher temperature can often be fixed by rapid cooling from above 
this temperature ; such a structure is sometimes more desirable than that 
found in the alloy when cooled slowly. On the other hand, rapid cooling, by 
retaining the structure normal to the higher temperature, is not always advis- 
able, because such structure may not be so useful as that obtained with slow 
cooling. Generally speaking, the more rapid the cooling the denser is the 
hardness being increased, but usually its brittleness is also increased. 

Rapid cooling is secured by the use of metal chills placed so as to form part 
of the mould, or the mould itself may be of metal. Die castings are produced 
in metal moulds and are usually very dense. 

Form. — Some alloys are only suitable for use as castings and cannot be 
rolled into sheet, or drawn into bar or wire. Others are more useful after rolling 
or drawing, the castings being weaker and less rehable. Thus, it does not 
fellow, because a certain alloy gives good results when cast, that it will be as 
good if rolled or drawn ; or vice versa, if it is good in the form of sheet or rod, that 
it will be good as a casting. As a matter of fact, very few alloys are service- 
able in both the cast and the Avorked states, and it is therefore essential when 
designing parts to bear in mind what form the raw material will take. Parts 
intended for repetition work on automatics using bar material must necessarily 
be made from a different alloy to that employed Avhen they are to be produced 
from castings. 

Again, alloys used for castings made in sand moulds are often unsuitable 
for die castings, and it is necessary to discriminate between these two methods 
of producing castings when considering the choice of alloys. 

Sand Castings. — ^These are so described in order to distinguish them from 
those produced in chill moulds or in dies. They form the bulk of the castings 
produced at the present time, and because the mould is made of sand they are 
the most slowly cqoled. The rate of cooling is an important factor so far as 
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the quality and strength of the casting is concerned, and contributes in no 
small measure to the success or otherwise of the work. 

It is evident from the general law of crystallisation, that when the alloy 
cools slowly the grain growth is greater, and that castings of a heavy or thick 
section will have a coarse structure, and \dll in all probability be weaker. This 
is one of the difficulties in producing strong castings of thick section, and 
should not be confused with the altogether different troubles caused by shrink- 
age, which generally take the form of sponginess, and which depend on the 
size and position of the gate, and the maintenance of a sufficient head of 
metal to supply the deficiency caused by shrinkage. 

Die Casting. — ^This method of producing castings has been developed 
considerably in recent years, and it must eventually become one of very great 
commercial importance. The facts that castings can be made within an 
accuracy of 0*005 inch per inch and that their surfaces are clean and smooth 
render the method of very great value. The necessity for machining is often 
completely eliminated since holes, even threaded holes, can be accurately cast 



Fig. 183. — Underwood Die-casting Machine. 

in the part, and parts intended to fit together are very easily obtained, no 
machining or other work being required. 

The process consists of forcing molten metal, under pressure, into a metallic 
mould or die. Many different machines have been made for this purpose, all 
with the object of overcoming various practical difficulties, but it is not possible 
to enter into a description of these here. The simplest system, to give an 
impression of method of working, consists of immersing a cylinder and piston 
in the molten metal, and thus forcing some of it into the die situated above. 
This is clearly shown in Fig. 183, which represents the Underwood Machine, 
patented in 1902. 

Some of the difficulties encountered are as follows : — 

Sponginess. — ^This is common in die castings, especially in those of 
heavy section. This is mainly due to the fact that the metal on entering the 
die chills around the inner walls and takes up the form of the die, while the 
remaining metal which fills this shell may not solidify until after the metal at 
the entrance (or gate ”) to the die is solid, in which case the shrinkage that 
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takes place causes the last portions which cool to be porous or spongy, and 
cavities are thus formed. 

Dies or Moulds. — ^These are usually made of carbon steel, and for the 
low melting point aUoys such as zinc, tin, and lead, and white anti-friction 
alloys, offer no trouble and last almost indefinitely. But with the higher 
melting point alloys it is found necessary to employ various alloy steels, and 
even then their life is often short on account of the action of the alloy. Close- 
grained chilled cast-iron * is also used, and is found to be very satisfactory for 
these high temperature alloys. 

The principal consideration from the commercial point of view is the cost 
of the die or mould, which will range from a few pounds for a very simple and 
small part, to perhaps £250 for a very complicated and perhaps fairly large part. 
Thus their deterioration is one of considerable importance, and may actually 
defeat the object of adopting the process, Le. the saving in cost of machining. 

When designing parts that are intended to be made by the die-casting 
method it is advisable to have in mind the construction of the die and to avoid 
complication, especially if such necessitates the employment of loose parts in 
the die. 

Die-casting Alloys. — ^The alloys used generally have one of the following 
metals as a base : zinc, tin, lead, aluminium, or copper, and, as would be 
expected, the first three, having the lowest melting points, are the simplest to 
cast. The aluminium and copper base alloys, having high melting points, 
present considerable difficulty, and the production of castings is not always a 
commercial success. 

One of the difficulties with aluminium alloys is their solvent action on iron, 
and it is possible that the castings may contain as much as 3 per cent. Iron, 
however, has a very small influence on the alloy when cast, but it tends to raise 
the melting point and makes the metal unsuitable for casting. 

Another difficulty with die-casting alloys lies in the poor elongation of the 
metal at high temperatures. This point is probably the most important of all 
to the die caster. The reason for this can be explained by taking the example 
quoted by Charles Pack.f Assume that a ring 12 inches ^ameter is to be cast, 
using a metal core. When the molten metal strikes the mould it solidifies, 
and here a change of state occurs that is accompanied by a reduction in volume, 
commonly called shrinkage. Unlike a sand core, the metallic core is not 
compressible, and retains its original size and form so that the shrinkage of 
the metal is converted into a stretching action in the solidified casting. If 
the elongation of the alloy at that temperature is not high enough to withstand 
this stress the casting w^iU. crack. 

It is not practicable to remove the casting from the die at its solidification 
temperature, and as it has not been found satisfactory to run the casting dies 
above a temperature of 260° C., it follows that this figure is about the tempera- 
ture at which the castings are withdrawn. Thus the casting is subjected to 
further stretching action on account of the contraction in volume that must 
occur when the casting cools from its solidification temperature to that at which 
it is withdrawn. 

* “Die-casting of Aluminium Bronze,” H. Rix and H. Whitaker, Inst, Metals, 
March 13, 1918. 

■f “Die Castings and their Application to the War Programme,” Amer* Inst. Mining 
Engineers, Feb. 1919. 
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That the elongation value of the alloy at normal temperature is no guide 
to its probable value at the higher temperatures has been abundantly proved. 
For instance, the addition of copper to aluminium reduces its elongation 
at normal temperature, yet the 12-per-cent, copper alloy is a better die-casting 
alloy than the 6-per-cent., simply because its elongation is better at higher 
temperatures. 

In addition to the importance of the elongation value at higher tempe- 
ratures, there is the fact that most alloys are very weak at these temperatures, 
e,g, the 12 per cent, copper-aluminium alloy, which has a tensile strength of 
about 10 tons per square inch, falls off to about 4 tons per square inch at 350° C. 

Design of Die Casting. — The design of the casting and the choice of 
the alloy should only be settled after due consultation with the die caster. 
The die is the most important factor, and much experience is required in design- 
ing this, hence the shape of the actual casting must conform to the requirements 
of the die-casting process. This is particularly necessary with castings of 
intricate shape or of large dimensions when the number and shapes of the 
different parts of the die and cores, the method and order of withdrawal of the 
cores, venting, situation, shape and size of the gate, must aU be considered. 

Rolling and Drawing. — ^The effect of working an alloy generally entails 
uicreased hardness and brittleness : the tensile strength being increased 
and the ductihty reduced. This, however, is not always the case, as some alloys 
are not improved by roUing or drawing, while many cannot be worked at all, 
even at higher temperatures. In those cases where cold rolling or drawing 
produces a large increase in the tensile strength it often happens that the strength 
falls off in time, the metal tending to become softer. This ‘‘ return effect 
has very serious consequences sometimes, especially in the harder alloys, be- 
cause these deform very much and even break. This phenomenon is usually 
referred to as “ season cracking.** * 

Heat Treatment. — Owing to the hardness, and distortion of the grain 
structure, caused by roUing and drawing, it is often necessary to anneal or soften 
alloys. Although it is possible to anneal such alloys at very low temperatures, 
the process may be imduly long, and therefore, from the commercial standpoint, 
it is necessary to anneal at those temperatures which will give the required 
result in the least time. This is dealt with more fully m Chapter X, and is 
also referred to under the various alloys described in this chapter. 

Heat treatment is also resorted to, to produce or to eliminate a certain 
constituent in the alloy, one which could not be obtained in the normal cooling 
during casting. Gunmetal is an example of this : it is considerably improved 
for certain purposes by heating to 700° C. and slow cooling. 

Extrusion Process. — Certain metals and alloys when heated to a suit- 
able temperature become sufficiently plastic to permit of their being forced 
through a die. The flow of the metal (or alloy) through this die is referred 
to as “ extruding,” and the finished product is Imown as “ extruded ” metal. 
The size and shape of the cross-section of the extruded material is almost 
exactly the same as the die used for extruding. Thus various sections can be 
extruded, many of which could not possibly be rolled or drawn. 

The process is carried out in a form of press consisting of a cylinder in 
which the metal is placed, and a hydrauhc ram or plunger which enters the 

* For illustrations of this see “ Season Cracking of Brass during the Great War,'’ 
by O. W. Ellis, Faraday Society, April 6, 1921. 
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cylinder at one end and forces the metal through a hardened die situated at 
the other end. These extrusion presses are made in various sizes and usually 
are very powerful. The cylinder or pressure chamber is made generally of 
tungsten steel to withstand high pressures at high working temperatures when 
extruding brass or bronze alloys. 

The high pressure exerted on the metal appears to improve its mechanical 
properties, mcreasing the tensile strength and rendering it more homogeneous. 
Compared with rolling or drawing the compressive action on the metal is not so 
confined to the outer portions of the finished bar, and in consequence extnided 
metal is more uniform throughout its cross-section than is rolled or drawn bar. 

The most important feature of the extrusion process, however, is the 
immense range or variety of sections that can be manufactured. Apart from 
the ordinary and quite normal sections such as rounds, ovals, squares, and 
hexagons, it is easy to obtain sections from which small pinions or gears 
can be made, the teeth being already formed on the bar. Ribbed strip, flat 
or curved, ornamental sections, special angle and tee sections are all made with 
equal facility. 

The metals and alloys that are commonly used for extruding are as follows : — 

Copper. ' Delta metal. 

Aluminium. Aluminium brass and bronze. 

Zinc. Manganese bronze. 

Brass. Naval brass. 

The special properties of these extruded materials are described later in this 
chapter under the heading of Extruded Metals and Alloys.’’ 

Forging and Hot Stamping. — Some alloys can be forged or stamped in 
the hot state, and because of the regularity and comparative sharpness of the 
stampings produced, this process is becoming one of importance. At present 
it is confined to certain bronzes and brasses and also duralumin. 

Ageing Effect. — ^With certain of the zinc alloys there is a serious draw- 
back in practice, the nature of which is their tendency to disintegrate. Parts 
made from such material wiU gradually change shape and may actually fall 
to pieces. 

Effect of Temperature on Strength. — ^The change in strength of 
alloys with temperature is a very important matter to the engineer. It is 
customary to test materials at normal temperatures and to judge by the 
results obtained, yet in many cases the actual parts are required to work at 
temperatures which may be much higher or perhaps considerably lower. 

' Much work could be done on this subject, our Imowledge being very limited, 
but what has been done shows that most metals and alloys undergo very 
serious changes in strength with rise in temperature. It is most essential in 
designing parts for use at higher temperatures that rehable data should be 
obtained as to the falling off in strength of the materials under consideration. 

Aluminium Alloys 

Alumimum is seldom used for castings, owing to its hi gh shrinkage, softness, 
and poor machining properties. Certain alloys, however, have proved to be 
excellent and to give good sound castings, both in sand moulds and in chilled 
moulds. Very ^e die castings are also obtained, and the use of aluminium 
alloys in this direction has grown at a tremendous rate during the last few 
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years. Certain very important points must be observed during tbe casting, 
otherwise very poor and weak material is produced. The foremost of these is 
the precaution of not allowing the alloy to reach a temperature much higher 
than the melting point, and not to pour at a high temperature. The actual 
pouring should be done at the lowest temperature possible consistent with 
filling the mould completely. Such a temperature vnll be in the vicinity of 
700° C. or lower. This is necessary because of the high specific heat of the 
metal and the consequent serious heating of the mould resulting in slow 
cooUng, and the development of a coarse grain structure which is essentially 
weak. 

The importance of the pouring temperature and the rate of cooling is shown 
by Figs. 1^ and 185. 



Fiq. 184.— Effect of pouring tern- 
perature on strength of aluminium 
alloy casting (Gillett). 



section 


Fig. 185. — Effect of section on 
strength of aluminium alloy cast- 
ing (Gillett). This demonstrates 
the influence of the cooling rate. 


These graphs represent approximate^^ the results of a series of tests carried 
out by Gillett. The falling off in the strength of the aluminium alloy as the 
pouring temperature is raised is quite pronounced, and shows how important 
this factor is. Fig. 185 shows the effect of varying the section of the casting, 
or, in other words, the rate of cooling. 

With regard to the testing of aluminium alloys, the Air Ministry, in con- 
nection with the testing of crankcases, pistons, etc., have come to the conclusion 
that the best test is to take the metal from the pot and cast a test piece in a 
chiU mould. Prior to this decision large numbers of these particular parts w ere 
rejected because the tests had been made on sand -cast test pieces Avhich did not 
fairly represent the actual casting. 


Aluminium-Copper Alloys 

The most common alloys used at present are those containing copper. 
They are suitable for both sand and die castings. 

2 c 
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This series of alloys has been investigated by Carpenter and Edwards, and 
the following corves form iiart of their results : — 



Co^^er per cent. 

Fig. 186. — Tensile strengths of sand cast copper-aluminium alloys (Carpenter and 

Edwards). 



0 2^68 
Copper per cent. 

Fig. 187. — Tensile strengths of chill-cast copper-aluminium alloys (Carpenter and 

Edwards). 

It will be seen that the strength of the alloys increases with the increase of 
copper, but that the ductility is reduced. All these alloys can be hot-rolled, 
while those containing less than 4 per cent, copper can be drawn. The effect 
of hot rolling and also drawing is to increase the tensile strength. This is 
shown by the following test figures given by Carpenter and Edwards on an 
alloy containing 3*76 per cent, copper : — 


Condi^on. 


I 

Chill cast I 5*40 9*60 10*5 21*46 

1 J inch hot-rolled bar .. i 8*97 16*87 20*0 38*21 

iiinch „ „ .. 11*60 16*96 21*0 49*76 

it inch drawn with annealing 16*44 16*90 8 0 21*79 

|§ inch cold drawn without 

annealing 18*53 20*04 7*5 20*84 
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The strength of hot-rolled bars within the range 0 to 8 per cent, copper is 
shown by Fig. 188. 



per cent. 


Fig. 188. — Strength of hot-rolled copper- aluminium alloys (Carpenter and Edwards). 

The conclusion of Carpenter and Edwards is that there is no gain by adding 
more than 4 per cent, copper, but in practice it is common to use alloys con- 
taining 8 per cent, and even more copper. 

The principal aluminium-copper alloys in general use are given in the 
following table : — 


Copper 
Aluminium 
Other elements 
Density — 
Sand-ca.st . . 
Die-cast 
Melting range 
Shrinkage 
Tensile strength. 
Sand-cast 
Elongation in 2 
ins., sand-cast 
Tensile strength, 
die-cast 

Elongation in 2 
ins., die-cast 


No. 1. 


3-4 per cent. 

' 95-94 per cent. 

2 per cent. max. 

' 2 -84 max. 


0’156 in. per ft. 
, 6-7 tons per sq. 
in. 

; 5-3 per cent. 


No. 2. 


6-8 per cent. | 

92-90 per cent. 

2 per cent. max. j 

i 

2 -89 max. | 

635-540° C, 

0*156 in. per ft. | 

9-12 5 tons per 
sq. in. 

l‘5-4*0 per cent. 

12-13 tons per 
sq. in. ‘ 

About 1 per | 
cent. 


No. 3. 


9-1 1 per cent. 
89-87 per cent. 

2 per cent. max. 

2'98 max. 

2-95 „ 
630-540° C. 
0T56 in. per ft. 


12-13 tons per 
sq. in. 

About 1 per 
cent. 


No. 4. 


11-13 per cent. 

87-85 per cent. 

2 per cent, max 

3 00 max. 

2-97 „ 

630-540° C. 

0-156 in. per ft 

8- 8*5 tons per 
sq. in. 

Less than 1 por 
cent. 

9- 12 tons per 
sq. in. 

Less than 1 per 
cent. 


No. 1 alloy is used for sand castings where strength is not very important. 
As a rule, it is more ductile than the other copper alloys, and is used for the 
making of rolled bars and sheets and for drawing into wire. 
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No. 2 alloy is a very common alloy in the U.S.A .5 and is used for many 
automobile parts such as crank cases, brackets, and for general castings. It is 
also used for die castings with considerable success. 

No 3 alloy is really a die-casting alloy, but is sometimes used for sand cast- 
ings. It is a useful alloy for high temperatures, and pistons for aero and 
automobile engines are very frequently made from it. 

No. 4 alloy is also a die-casting alloy, but can be cast in a sand mould. 
It is a useful aUoy for parts which have to withstand pressures, as in the case 
of pumps. It is also used for aero engine cylinders (fitted with steel liners). 

The followmg is a typical analysis of such an alloy * : — 


Analysis of Aeuo-Engine Cylinder Casting 


Copper 



11 *48 per cent. 

Aluminium 



.. 87*00 

Iron 



.. 0*91 

Silicon 



.. 0*28 

Tin 



.. 0*32 

Manganese 



.. 0*01 


A typical aluminium alloy for die-casting is described by Livermore, f and 
as an example of such an alloy the folio s^fing particulars are given herewith : — 


Composition 

Weight per cubic inch 
Melting point . . 
Tensile strength 
Elongation 


r Aluminium 92 per cent. 
1 Copper 8 per cent. 

0*115 lb. 

622° C. 

9 tons per square inch. 
1 *5 per cent. 


Casting Limits 

Maximum weight of casting . . . . . . . . . . . . 10 lbs. 

Minimum wall thickness . . . . . . . . . . • • iV i^^^ 

Variation from dimensions (on drawing) per inch of diameter or 

length . . . . . . . . . . . . . . . . 0*0025 inch. 

Cast threads, minimum number (external) . . . . . . . . 20 per inch. 

Internal threads rarely cast 

Holes, minimum diameter . . . . 0*093 inch and not deeper than 1 inch. 

Tne threaded portions (external) are cast oversize ( by 0*01 inch) and are 
screwed to size. The draft allowed (on the various portions of the pattern) 
should ])e 0*015 inch per inch of diameter or length for cores, side walls 0*005 
inch, small cores of less than J inch diameter 0*005 inch per inch. 

This particular alloy is used extensively for automobile and aeroplane parts 
such as pistons, cylinders, covers, magneto parts, carburettor parts, etc. 

The copper content can be varied without unduly increasing the difficulties 
in die-casting, and a harder 01 a softer alloy may be obtained. 

The addition of 1 per cent, manganese to these alloys improves the tensile 
strength, and the ductility at the solidification temperature, thus reducing the 
risk of cracking during cooling. Unfortunately, for parts such as pistons, 
manganese has the property of reducing the heat conductivity of the alloys. 
This may be lowered to half its original value. 

* For further information on this subject see “ Aluminium Alloys for Aeroplane 
Engines,” by Professor F. C. Lea, H.Sc., read before the Aeronautical Society of Great 
Britain, April 16, 1919. 

f Aluminium and its Alloys,” by F. A. Livermore, F.I.C., Metal Indiistry, vol. XX, 
No. 2, Jan. 13, 1922. 
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There does not appear to be much scope for heat treatment with al'iminium- 
eopper alloys, although according to Rosenhain the prolonged annealing of 
a 4-per-cent, copper, 96-per-cent, aluminium alloy * resulted in a considerable 
improvement of its mechanical properties, due no doubt to the gradual solution 
of the copper-aluminium compound. The tensile strength of this alloy w^as 
increased from 10 tons per square inch to 14*5 tons per square inch, whilst the 
elongation (on 2 inches) was increased from 10 per cent, to 20 per cent. The 
annealing operation covered a period of 3 days at a temperature of 450° to 
520° C., but owing to its length such a treatment cannot be considered a com- 
mercial one. 


Aluminium-Zinc Alloys 

Alloys containing zinc are used very extensively, and the common impression 
that they were subject to spontaneous disintegration has been proved to be 
incorrect by the work of Rosenhain and Archbutt, who tested bars after an 
interval of 15 months and found no sign whatever of any change. Thus, this 
so-caUed ageing defect does not exist so far as these particular alloys are 
concerned. 

The effect of adding zinc to aluminium is shown by Figs. 189 and 1 90. 



Fia. 189. — Strengths of sand -cast aluminium- zinc alloys (Rosenhain and Archbutt). 



Fia. 190. — Strengths of chill-cast aluminium-zinc alloys (Rosenhain and Archbutt). 
* Dr. Rosenhain, Boyal Soc. Arts, April, 1920. 
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These results (Eig. 189) were obtained from sand castings 7 mches long 
by I inch diameter, aU cast at temperatures below 800° C. The tensile strength 
hicreases with the increase in zinc. The eJBEect of casting in chill moulds 
7 inches long by | inch diameter is shown by Fig. 190, from which it will be 
seen that the strength is only slightly greater than the sand castings, due, no 
doubt, to the greater density of the alloys. 

Alloys containing up to 25 per cent, zinc can be hot-rolled, while those up 
to 20 per cent, can be dra^vn satisfactorily. The effect of hot rolling is shown 
by Fig. 191. 



Fig. 191. — Strengths of hot-rolled aluminium-zinc alloys (Posenhcun and Archbutt). 


Rosenhain and Archbutt found that those alloys containing more than 15 
per cent, zinc appear to deteriorate when a large amount of woik is put into 
them. The roUmg of the 1 J inch bars down to | inch had the effect of increasing 
the strength of the alloys containing less than 15 per cent, zinc, but for amounts 
exceeding this the strength was reduced. Thus, drawing the metal into wire 
only brings about an increase in strength for the lower percentages. 

The principal defect of these alloys is their sensitiveness to rise in tempe- 
rature. Thus, the tensile strength of the 25 per cent, alloy falls off by 33 per 
cent, in the change from 20° to 100° C. 

Newly made castings are not easily machined, owing to the tendency of 
the material to “ drag,” but by allowing them to “ age ” for a few weeks the 
machining qualities improve very considerably. Copper is usually added to 
the alloy to improve it in this respect, but this alloy will be considered in the 
succeeding paragraphs. 

The zinc base aluminium alloys are unsuitable for die-casting (especially if 
commercial spelter is used) due to the low elongation figure at the higher 
temperatures, and the consequent cracking during cooling when metal cores 
or other parts tend to hold the casting in position. 


Aluminium-Zinc-Copper Alloys 

In a preceding paragraph mention was made of the addition of copper to the 
zinc alloys to improve their machining properties. Copper in the alloy also 
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helj^to eliminate the porous nature of the plain zinc-aluminium allo;y> improv- 
ing its fluidity with the result that sharper and sounder castings are obti^hied. 

Most of the zinc alloys now contain copper, usually in small amounts^x^^P 
4 per cent. The principal alloy used in England is one containing 
12 to 15 per cent, zinc, 2 to 3 per cent, copper, and about 1 per cent. impuritil\®^» 
the remainder being aluminium, ^ 

The foUov'ing are a few t3rpical analyses : — 


Constituents. 


Xo. 1. 

Xo. 2. 


No. 3. 

Copper 



2*12 

3 06 


5-87 

Zinc . . 



12-53 

9-60 


8-60 

Aluminium . . 



84-10 

86-14 


82-30 

Iron . . 


! 

0-63 

0-74 


i 2-45 

Silicon 


i 

• • 1 

0 30 

0-34 


' 0-51 

Tin . . 


I 

Xil 

Nil 


Tracer 

Lead . . 



Nil 

. 0-10 


0-16 

Manganese . . 



Trace 

0-02 

j 

0-07 

Magnesium . . 



0-30 

Nil 





No. 1 alloy is the best, and gave on test the following figures : — 


Yield, tons per square inch . . 

No. 1 Alloy. 

.. 9-2 

No. 3 Alloy. 

Ultimate Tensile „ „ 

.. 10-8 

8-5 

Elongation in 2 inches, per cent. 

. . 3-0 

10 

Reduction of Area, per cent. 

.. 4-0 

— 


No. 2 alloy is inferior, but is still a good quality material. No. 3 alloy is 
distinctly poor, but it represents the “ common run ” of much of the metal 
supplied for ordinary castings, and is used even in crank cases for car engines. 

These alloys are all intended for sand castings, but No. 1 has been used for 
die castings with success. 

Alloys containing higher percentages of zinc are also in use. Rosenhain 
and Archbutt describe one containing 25 per cent, zinc and 3 per cent, 
copper, which has a tensile strength of 18 tons per square inch when oast in 
sand, ^d 20 tons per square inch when chill cast. This alloy can be rolled 
with difficulty, when it gives a much higher tensile strength combined with a 
high elongation figure. This alloy would appear to be a good substitute for the 
well-known alloy duralumin. 


Duralumin 

This remarkable alloy is the strongest and most ductile of aU the aluminium 
alloys. It is really a copper-aluminium alloy containing small percentages of 
magnesium and manganese. The following analyses show what its composition 
is in practice : — 


Analyses op Duralumin 


Copper . . 


Bar No. 1. 

. . 4-90 

Bar No. 2. 
5-66 

Aluminium 


.. 93-40 

92-61 

Magnesium 


. . 0-33 

0-32 

Manganese 


. . 0-58 

0-64 

Iron 


. . 0-50 

0-55 

Silicon . . 


. . 0-30 

0-32 

Zinc 


.. Nil 

Nil 
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These of this alloy is equal to that of ordinary mild steel, and for 

by I inch has been extensively used in aeronautical work for the metal 

increases of airships and aeroplanes. The following tests are representative 
7 inche^o commercial bar material.* 


®OOn t 1 2. 

dou^ Yield, tons per square inch . . . . 23‘6 25*4 

Ultimate, ,, „ .. .. 29'9 23 9 

/ Elongation, per cent. .. .. 17’5 15o 

Reduction of Area, per cent. . 2r)'() 20 0 


In the annealed condition duralumiii has a tensile strength of about IG to 
18 tons per square inch with 17 per cent, elongation on 2 inches. When 
hardened by heating it to 480° C. (not more than 4fH)° C.) and quenching the 
tensile strength gradually increases until after a period of about 2 days it may 
reach 36 tons per square inch. The elongation is reduced considerabl}^ by this 
treatment. This hardness m partly removed when the aUoy is subjected to 
quite low temperatures and for this reason it is necessary to take practical 
conditions into account when using duralumin in the hardened state. The 
reduction in strength amounts to about 10 j)er cent, after heating to 100° C. 
and about 25 per cent, after heating to 250° C. 

Duralumin is obtainable in the form of plates, bars in various sections, 
tubes and vire. It can be forged and stamped and therefore commands a wide 
application in those directions where strength and Hghtness are essential. 
The operation of rolling and drawing increases the tensile strength, and this 
in the case of thin sheets may be as high as 35 tons j)cr square inch. The 
specific gravity of duralumin is about 2*8. 


Other Aluminium Alloys 

The principal commercial alloys have been described, but thcTe are a fcn\' 
more alleys f ^ hich are of interest, and, in view of the vast amount of w ork that 
has been done during the war on these alloys and the further developments that 
are likely to come, it will not be out of place to mention these. 

Magnesium- Aluminium. — Alloys containing up to 6 per cent, of 
magnesium can be rolled hot or cold. Above this the alloy becomes too 
bnttle. So far these alloys have not been used commercially. Their strength 
does not exceed that of alloys already in use, but they have the advantage of 
bemg hghter than aluminium itself, and therefore deserve attention. 

Castings containing more than 15 per cent, are hard and brittle, but alloys 
containing as much as 30 per cent, are used for mirrors, the metal casting well 
and takmg a high degree of polish . 

The effect of magnesium on the strength of sand castings is shovn in Fig. 192. 

Magnesium is also employed in the making of the alloys known as magnalium 
and zimalium. Magnalium contains only a small proportion of magnesium 
and generally has small amounts of copper, nickel, lead, and tin. The com- 
mercial aUoys are known as X," “ Y,» and “ Z.’’ They all contain less than 

see ‘‘ Non-Ferrous Metals in Aeroplane Construction,” 
AluiinW’ fSt Alloysr Conumttee : “ On Some AUoys of 
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2 per cent, of magnesium and from 0*2 to 1*8 per cent, of copper. In addition, 
X ” contains about 1*2 per cent, of nickel. The alloy “ Y does not 
contain nickel, but has small amounts of tin and lead, while “ Z ” contains 
as much as 3 per cent, of tin and 0*75 per cent., of lead. 

The alloy “ X ” is only used for castings of considerable strength, and 
“ Y ” for ordinary castings of 8 to 10 tons per square inch tensile. Alloy 
Z ” is intended for rolling and drawing, and in the rolled state has a tensile 



/Vo ^n^stam cent. 


Fra. 192. — Strengths of sand-cast aluminium -magnesium alloys (Lane). 

Strength varying from 14 to 21 tons per square inch. This last alloy is 
exceedingly ductile and can be drawn into the finest wires. Annealing is 
carried out by heating and suddenly cooling (slow cooling haidens). 

All the alloys cast well and machine well ; excellent screw threads can be 
cut. Tlie allowance for contraction should be about 2*5 to 4 per cent. 

Zimalium contains up to 10 per cent, magnesium and up to 20 per cent, of 
zinc. It is harder and more easily worked than aluminium and has about 
twice its tensiJe strength. 


Copper Alloys 

The principal alloys of copper are classified as follows : — 

(1) Bronzes or tin-copper alloys. 

(2) Brasses or zinc -copper alloys. 

(3) Special alloys, nickel-copper alloys, etc. 

These, of course, are capable of sub(fi\dsion, depending on the presence of other 
elements such as lead, aluminium, arsenic, phosphorus, manganese, silicon, 
nickel and iron, which are added in certain cases to improve the alloy in certain 
respects, as, for example, soundness of castings, machinability, strength, hard- 
ness, wearing qualities, ductility, etc. The influence these different elements 
exert is explained in Chapter IX. 

Bronzes. — The bronze aUoys in general use are tabulated below : — 


Guiunetal 
Plain bronze . . 
Phosphor bronze 
Manganese bronze 
Aluminium bronze 


Zinc-tin-copper 

Tin-copper 

Phosphorus-tin-copper 

Iron-manganese-zinc-copper 

Aluminium-copper 
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Gunmetal 

This well-known alloy, originally used for ordnance work, is perhaps best 
considered on the basis of the Admiralty specifieation, which calls for a compo- 
sition as follows : — 

Copper . . . . 88 per cent. 

Tin .. ..10 

Zinc . . . . 2 ,, 

A maximum variation of one per cent, of any of its component metals is 
allowed, and the alloy should comply with the following mechanical tests : — 

Ultimate tensile strength . . . . 14 tons per square inch (min.) 

Elongation on 2 inches . . . . 7*5 per cent. 

Although this is adhered to so far as Admiralty work is concerned, in 
practice it will be found for ordinaiy work that many foundries supply 
metal containing more than 2 per cent, of zinc, and in addition a considerable 
amount of lead. Such alloys are cheaper and are more easily cast, and give 
fairly satisfactory test results. A few actual examples of these variations from 
standard gunmetal are given here. 



Per cent. 

Per cent. 

Per cent. 

Per cent. 

Per cent. 

Per cent. 

Copper 

Tin 

84*60 

8o*(l4 

87*95 

vS3*55 

82*92 

80*00 

11*23 

7*94 

8*74 

5 05 

9*14 

8*10 

Zinc 

4*07 

4*77 

1*35 

7*05 

3*41 

6*58 

Lead 

0*10 

2*20 

1*95 

4*27 

4-51 

5*60 

Iron 

Trace 

Nil 

Nil 

0-08 

0*01 

Trace 

Nickel 

Nil 

Nil 

Nil 

Nil 

0*0! 

0*68 


The remarkable variations in the above compositions \\’ould give the 
impression that almost any combination would meet the requirements. This, 
of course, is not the case, but, instead, the alloys can be graded and then selected 
to suit the actual parts under consideration. Thus, classing the Admiralty 
alloy as the No. 1 alk»y, two other but inferior alloys may be established as 
follows : — 


Copper 

Tin 

Zinc 

I-ead 


No, 2 Alloy 

. . 80*0 to 84*0 per cent. 
.. 8*5 „ 7*0 „ 

.. 5*5 „ 4*5 

.. 6*0,. 4-5 


This alloy wiU give about 10 to 12 tons per square inch tensile strength, and 

an elongation value of about 2 to 5 per cent, in 2 inches. 


No. 3 Alloy 


Copper . , 

.. 77*0 

to 

81*0 

Tin 

. . 5*5 


4*5 

Zinc 

.. 8*5 


7*5 

Lead 

., 9*0 

>> 

7*0 


This alloy, which is much inferior to the No. 2 alloy, will give about 8 to 10 

tons per square inch tensile strength and about 2 to 5 per cent, elongation in 
2 inches. ® 
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The zinc is put in to harden the alloy and to counteract the effect of lead, 
which softens it. 

The No. 2 alloy can be used for bearing purposes, the presence of the lead 
tending to reduce the \yea.T, but it is probably best employed as a support for 
an anti-friction alloy or other white metal. It tins well, and thus takes such a 
lining very well. 

The No. 3 alloy is suitable where the stresses are low and where there is 
little hammering action. 

Form. — Gunmetal is only used in the form of castings and is not suitable 
for rolling and drawing. It is cast either in sand moulds or in chill moulds. 
It would be useless for the bearings of a high-speed connecting rod, but would 
answer the requirements of a white-metal lined bearing on a steady running shaft. 

Heat Treatment. — The alloy free from lead can often be heat-treated 
with advantage, the best treatment for the No. 1 alloy being an annealing 
process. In this respect it differs from a plain bronze of 90 copper and 10 tin, 
V hich gives the best results when quenched. The zinc, although only a small 
amount, appears to alter the character of the alloy very considerably. 

According to H. S. Primrose and J. S. G. ftimrose, the best annealing 
temperature is 700° C.. and at this temperature the best results are obtained 
after soaking for 30 minutes. Further details of the heat treatment are given 
in Chapter X. but the chief results of this treatment are an increase in the 
tensile strength and a considerable increase in the elongation figure, showing 
that the alloy is much more ductile. Another important result is the reduced 
porosity of the metal ; castings which were porous to water or oil under pressure 
are quite impervious after the annealing treatment. The following results 
are those obtained by Messrs. Primrose : — 


Tensile Strength. Elongation. 


Tons per sq. in. Per cent. 


Dry saiid-castiiifr as cast 

17'2 

24 0 

After annealing 30 minutes at 700° C. 

18-0 

37*5 

Chill -ca."5t a.«? cast 

1 150 

4 0 

After annealing 30 minutes at 700° C. 

! 20 0 j 

30 0 


Effect of Temperature on Strength of Gunmetal. — ^The investi- 
gations of Dev ranee and of Longbottom and Campion show^ that the tensile 
strength of gunmetal (Admiralty specification) remains practically constant 
(at about 13 tons per square inch) at all temperatures up to 290° C., and 
then falls off suddenly, almost reaching zero at 750° 0. The elongation rises 
to a maximum at about 150° C. and then falls rapidly, reaching a very low 
but nearly constant value between 350° and 550° C. 

It is claimed by Dewrance that the addition of 0*50 per cent, of lead increases 
the initial tensile strength of gunmetal and also its resistance to the effect of 
high temperatures, but the latter claim is disputed. 

The above figures show that gunmetal is not a suitable material for use at 
temperatures much above the normal. Thus, apart from any chemical action 
which superheated steam may have on the alloy, gunmetal is quite unsuitable 
for parts subjected to superheated steain. 
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Bronzes 


The name bronze is applied rather loosely to a great variety of alloys, 
some of v^hich are sold under other names, such as gunmetal and phosphor 
bronze. The original conception of bronze was an alloy of copper and tin, and, 
perhaps to distinguish this combination, it is advisable to describe such alloys 
as plain bronzes. When zinc is added in small amounts the alloy becomes 
gunmetal, although some Admiralty specifications for this material do not 
contain zinc at all, but might be classed as plain bronzes. 

The addition of lead is ver3^ common, and if this metal is present in large 
amount, it is usual to call the aUoy a '' lead bronze.” But zinc is also generally 
present, and it is not unusual to find an alloy containing both zinc and lead in 
addition to copper and tin, sold both as a bronze and as gunmetal. Now the 
latter name is so well loioun. and is universally regarded as belonging to a 
totally different alloy from that called bronze, that it is a pity for the tw o names 
to be applied in this unsatisfactory maimer. Gunmetal should be regarded as 
belonging to the bronze group of alloys, and certain limits should be set as to its 
constituents and their amount. It should represent those alloys which beside 
containing copper and tin as the base, also contain zinc and lead in definite 
amounts. 

Phosphorus is now used very extensively as a deoxidiser in these alloys, 
and it has become common to refer to many of them as phosphor bronze. This 
again is confusing because in many instances the amount of phosphorus in the 
final alloy is nil, or only ve^^ small, due to it having been used up entirely in 
removing the dissolved oxides. Some of these bronzes on the market are 
Pi.’actically identical with those sold as gunmetal, and it may be said — whichever 
alloy is chosen, that ordered as gunmetal or as phosphor bronze — the difference 
between the two is small, and generally sjoeaking both are poor. 

\Vlien phosphorus is added in such cjuantity that the final alloy contains 
definite amounts, say above 0*2 per cent., then the bronze might truly be 
described as phosphor bronze. Even then, however, many such alloys contain 
large amounts of lead and zinc. However, as the phosphorus exercises an 
important influence on the alloy so far as bearing surfaces are concerned, it is 
feasible to regard it as distinct from gunmetal. 

The addition of aluminium to copper, forming w hat is knowm as aluminium 
bronze, is altogether a different matter because the alloy does not contain 
tin. It is simply an alloy of aluminium and copper. 

The so-called manganese bronzes, again, are misleading, since the majority 
are really brasses, containing zinc in large amounts. They contain very little 
tm, and therefore have no relation to bronze, even m the widest sense. 

Bronze and Phosphor Bronze.— The plain copper-tin alloy called 
bronze is seldom used now. The use of phosphorus as a deoxidised has so 
improved the properties of the aUoy, that its use is now almost universal, 
and mamdacturers have m consequence sold the metal under the name of 
phosphor bronze. 


Many of these so-called phosphor bronzes contain little or no phosphorus ; 

til® oxides have been 

TuriSd^C?® They may be regarded as 

nhosnhols These alloys are dealt with first, while those that contain 

phosphorus m definite mtended amounts am described later. 
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The plain alloys can be divided into two groups : (1) those that contain less 
than 8 per cent, of tin and are capable of being rolled into sheet or drawn into 
wire, and (2) those that contain more tin and can only be cast, being too brittle 
for rolling. 

Influence of Temperature. — Rolled or drawn phosphor bronze of low 
tin content and only traces of phosphorus, can be used for high temperature 
work, such as firebox stays and plates. It does not fall off much in strength at 
temperatures up to 300° C. Material having a tensile strength of 28 to 30 tons 
per square inch will have a strength of about 25 tons per square inch at this 
temperature. 

AVhon the alloy contains more tin (not (‘xceeding 8 j^er cent.) it commences to 
lose its strength at about 200° C. and at 300° 0. the tensile strength is only about 
half the original value. Thus phosphor bronze which possesses a tensile strength 
of 15 to 1(5 tons per square inch at normal temperatures will have a strength of 
al.)out 13 tons per square^ inch at 200° C. and about 8 tons per square inch at 
300° C. The elongation of this particular alloy falls off in about the same order 
as the strength, and thus the metal is shorter at the higher temperatures. 

Of the first group the usual alloy for rolled and dra\vn bar, sheet or wire is 
that represented by No. 1 alloy in the table on p. 398. Such material is very 
strong, w'ire having a tens^e strength of 50 to (50 tons per square inch being 
used for long spans in telephone work in jDlace of copper ^vhich is too weak. The 
bar and sheet approximate 30 tons 2 :)er square inch tensile. 

The second grouf) of alloys is represented by Nos. 2, 3, and 4 in the table. 
These are generally used in the form of castings for very small pump bodies, 
bearings, and gearing. The addition of tin increases the hardness of the alloy 
and reduces its ductility very considerably. Those alloys intended for shock 
and \ ibration as with gearing, should contain from 88 to 92 per cent, of copper. 
For bt^arings care must be exercised as to the kind of steel used for the shaft ; for 
hardened steel (case-hardened) an alloy containing iq) to 20 per cent, of tin can be 
used, but this w ould be very harmful to a soft or medium soft steel shaft. The 
hard constituent “ delta ” formed by the tin will score most steels (miless 
hardened) very readily. The tin content should not exceed 9 or 10 per cent, for 
such unhardened steel. The value of amiealing should not be overlooked in this 
ajDplication of bronzes because of the possible elimination of the hard delta 
constituent, and reference should be made to Chaj)ter X, \\'here this is dealt 
with. 

True Phosphor Bronzes. — ^These are the alloys which contain phos- 
phorus in definite and intended amounts. Theii* use is confined mainly to 
bearings for hardened steel. The phosphorus, when added only to purify the 
metal and not present in amounts above 0*05 per cent., increases the tensile 
strength, but above this it causes a rapid falling off wfiich, however, becomes 
more gradual at about 0*5 per cent., and further amounts do not have such a 
large effect. 

The machining qualities are much affected, and alloys containing 1 to 1*5 
per cent, will be found difficult to cut rapidly. 

As materials for bearings, these alloys are dealt w ith more fully in Chapter 
XVI on Bearing Metals, but for completeness a few^ typical alloys are given in 
the table on p. 398, Nos. 5 to 8. The following alloys represent common 
practice : — 
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Phosphor bronze for strength and low brittleness (i.e. high ductility) 

No. 1. — CHEMicAii Composition 

Copper . , . . . . minimum 90 per cent. 

Tin . . . . . . 8 to 10 „ 

Phosphorus . . . . 0*2 to 0*7 „ 

Mechanical Tests 

Ultimate tensile . . 15 tons per square inch minimum 

Elongation in 2 inches 10 per cent, minimum 

Phosphor bronze for bearings for hardened steel shafts : — 

No. 2. — Chemical Composition 

Copper . . . . . . minimum 87 per cent. 

Tin 10 to 12 

Phosphorus .. .. 0*6 to 1*0 „ 

Mechanical Tests 

Ultimate tensile . . 10 tons per square inch minimum 

Elongation in 2 inches 2 per cent, minimum 


Pliosphor bronze for exceptionally hard wear should be of the same com- 
position, but the phosphorus content should be about 0*9 to 1*5 per cent. 

These standard compositions are used mainly for the following purposes : — 
No 1. Suitable for pumps, propellers, pinions, gears, valves, and steam 
fittings. 

No. 2. Suitable for worms and worm wheels, gears and pinions, pumps, 
cylinders, bearings for hardened steel, and is intended for hard wear. 

Impurities. — Both the plain and phosphor bronzes are likely to contain 
the following impurities : lead, iron, zinc, and manganese. These, in a good 
quality alloy, should not total more than 1 per cent., but in many of the 
usual coimnercial qualities this amount is exceeded. The following analyses 
represent actual examples : — 


1 2 I 3 


Copper 

88*39 

87*90 

88*80 

Tin. 

10*58 

10*37 

10*54 

Phosphorus 

0*02 

0*12 

0*43 

Lead 

1*00 ; 

0*48 

0*23 

Zinc 

Nil ; 

1*15 i 

Nil 

Iron 

; Trace 

Trace | 

Trace 


4 

5 

6 

7 

8 

87*34 

87*45 

i 

87*90 

87*60 

87*27 

11*95 

10*40 

10*00 

11*22 

11*22 

0*05 

0*11 

0*41 

0*69 

1*50 

0*05 

1*30 

Trace 

0*49 

Trace 

Nil 

0*59 

1*69 : 

Nil 

Trace 

Trace 

0*09 

Trace ; 

Trace 

Trace 


The principal impurities are lead and zinc. The lead does not alloy with 
the metal, and will be found in the structure in the form of minute globules 
Up to 0*25 per cent, it has no injurious effect. In larger amounts it increases 
the brittleness and reduces the tensile strength. Zinc is often added to make 
the metal run easier and to increase the soundness of the casting. It alloys in 
small amounts and does not appear to influence the properties of the metal 
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until it exceeds 2 per cent. It is then harmful for bearing metals, and reduces 
the tensile strength and hardness, and also the ductility of the alloy . 

The presence of both lead and zinc, however, improves the machining 
qualities of the alloy in so far that the chips break off shorter and the tool clears 
itself more easily. 

Iron alloys with the metal and makes it harder and stronger. It should 
not exceed 0*3 per cent. 

Bronzes containing Lead. — Lead is added in large and definite amounts 
to bronzes to form bearing metals. In Chapter XVI these alloys are dealt 
with fully, but a few points about tliem here will be of service. The lead 
does not alloy (except for a little which goes into solution), but exists in the form 
of small globules distributed over the mass. From this it is evident that 
owing to its low melting point (330° C.), it will be the last to solidify, and w ill 
therefore tend to collect in large areas towards the centre or lower portion of 
the casting. The tendency to liquate or segregate is one of the difficulties in 
casting, and there is ahvays some uncertainty as to the amount of lead on the 
surface of a bearing. 

In the case of high percentages of lead, Henrickson and Clamer in America 
have found that nickel prevents the liquation, probably because it forms a 
network enclosing the grains and thus maintains the lead in position until it 
solidifies. By this means alloys containing as much as 30 per cent, of lead an* 
made, and are found to be homogeneous. Such an alloy is gi\x*n in the table on 
p. 398 (see No. 17). 

A few of the more common lead bronzes are given in the table on p. 434. 

Bronzes with Zinc. — Zinc added to a bronze really forms the alloy 
known as gunmetal, and this alloy has been dealt with alread\\ It is, however, 
a veiy common constituent in bronzes since it tends to promote sound castings 
and also improves the machining quality of the alloy. A few typical zinc and 
zinc-lead bronzes are represented by alloys 18, 19, and 20 in the table on p. 398. 


Manganese Bronze 

This so-called bronze is the result of many efforts to produce a strong, tough 
aUoy that will resist corrosion. It is really a brass to w hich small percentages 
of manganese, iron, and aluminium are added, all with the definite object of 
making the alloy dense and close-grained, and also increasing its strength. 

The average composition of commercial manganese bronzes is as follows : — 


Copper . . 

Zinc 

Tin 

Manganese 

Iron 

Aluminium 

Lead 


56'00 to 59 ‘0 per cent. 


38 00 „ 

41-0 

0 - 2 r> „ 

1 0 

0-25 „ 

2 0 

0-26 „ 

1-25 

0 25 „ 

10 

Trace to 0 *5 


The average mechanical strength of such alloys is as follows : 


Yield . . . . . . 17 tons per square inch 

Ultimate tensile . . 30 „ 

Elongation in 2 inches 25 per cent. 

Reduction of area . . 30 , 
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Some typical analyses of castings, together with the mechanical test results 
obtained, are given in the following table : — 



1 

2 

3 

4 

5 

Copper 

58-50 

58-97 

57-85 

57-20 i 

57-76 

Zinc 

38-96 

39-00 

39-18 

39-52 

38-86 

Tin . . 

0-45 

0-98 

0-38 

0-54 

1-18 

^langanese . . 

0-20 

0-44 

0-77 

0-94 ; 

1-62 

Iron 

1-24 

0 10 

0-81 

1-01 

0-06 

Aluminium 

0-36 

0-30 

0-61 

0-46 

0-31 

Lead 

0-20 

i 0-20 

0-39 

0-33 

0-20 

Nickel 

Nil 

! Nil 

Nil 

Nil 

Nil 

Phosphorus 

Trace 

j Trace 

Nil 

Nil ' 

Trace 

Yield, tons per square inch 

J3-4 

! 19-4 

20-7 

22-5 

24-6 

Ultimate, ,, ,, 

Elongation in 2 inches 

29-5 

31-6 

30-2 

32-2 

36-8 

26-2 

31-2 

23-2 

21-3 

25 0 

Reduction of area 

31-6 

41-4 

30-1 

29-7 

30*0 


Effect of Manganese. — ^IMany alloys contain only a trace of manganese, 
or perhaps none at all, from which it is evident that it has been entirely used up 
in performing its function as a deoxidiser. When present it increases the 
tensile and the yield strength, but without lowering the elongation, and makes 
the alloy harder. 

Effect of Iron. — This metal is either added with manganese in the form 
of ferro-manganese or with cupro-manganese. in which it also exists. It tends 
to increase the tensile strength and to harden the alloy. 

Effect of Aluminium. — Aluminium is added to increase the fluidity 
of the metal during casting, to eliminate blovholes and render the alloy 
denser and more uniform. 

Heat Treatment. — Manganese bronze castings possessing a low elonga- 
tion percentage (i.e. ductility) can be improved by slow annealing at tempera- 
tures between 700'" and SOO'" C. The tensile strength is reduced slightly by 
this treatment. Rapid cooling by quenching in water reduces the ductihty 
of the alloy to almost nil, and in consequence this treatment is useless. Slower 
cooling (in air) will sometimes raise the tensile strength without affecting the 
elongation percentage very seriously. Thus variations in the treatment can 
often be apjjlied to correct any falling off in the strength or ductility of 
manganese bronze castings. 

Rolling and Forging. — ^Manganese bronze containing about 60 per cent, 
of copper is suitable for rolling and forging. Drop stampings are made also 
from the same class of alloy, and as a rule these are very w^ell finished and true 
to shape. 

In the forged or stamped condition the tensile strength of manganese 
bronze ranges from 25 tons per square inch to about 35 tons per square inch, 
according to the composition. The corresponding yield points are about 
11 and 20 tons per square inch, whilst the elongation ranges from about 40 
per cent, down to 15 per cent. 

Manganese bronze is rolled cold into bars and sheets and is drawn into tubes 
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and wre. In the cold rolled state the tensile strength may be as high as 
50 tors per square inch (usually 40 to 45 tons per square inch). Thus this 
material may be used for bolts, nuts, and studs, whilst it is particularly suitable 
for hydraulic plant and other work w^here corrosion is the principal source of 
tjoubie. The tubing can be bent easily (hot or cold), and the metal is less 
prone to seepage than most of the other alloys, and of course is much stronger 
than copper or brass and therefore withstands higher pressures. 

The cast material is used largely in connection with marine work for parts 
such as propellers, pump spindles, valves, and hydraulic rams. 

Effect of Temperature on the Strength of Manganese Bronze. 
— ^The strength of manganese bronze, in common with other alloys, falls off 
considerably at the higher temperatures. According to some tests recently 
published,* Lea obtains the following results : — 



Composition. 

j 15° Cent. 

i 

; 300° Cent. 

Cu. ' Zn. 

Sn. 

Pb. I’e. Al. 

‘ TT,^ Elonga- 

tensile. , 

Brinell 

hardness. 

i 

■ TTif i Elonga- i Brinell 
temUe i 

tensile, per cent ness. 

58 15 39-94 i 
59-5 36-72 

1-05 

0'«3 

0-63 0-25 — 
0-90 0-56 1-06 

1 1 

0-98 i 35-70 1 24-0 
0-63 ! 37-48 25-0 

143 

137 

i 

1 - : 

17-70 1 62-0 ' 105 
10-42 78-0 ; 114 


Aluminium Bronze 

The aluminium bronzes may be divided into two groups : (1) those that are 
very ductile and can be drawn cold ; (2) those that are only moderately ductile, 
and can only be rolled while hot. 

The first group does not contain more than about 7 per cent, of aluminium, 
and the second group contains between 7 and 11 per cent. Above 11 per cent, 
the alloy is too brittle for service. 

The effect of aluminium is to increase the tensile strength, although this 
is not very marked until the amount rises above 7 per cent., and then the 
increase is quite considerable. The ductility also increases, but at about 7 per 
cent, commences to faU off rapidly. The extent of this is shown in Fig. 193, 
which represents the results of some experiments carried out by Carpenter and 
Edwards. 

Rolling and Forging. — As explained above, the lower percentages of 
aluminium give very ductile alloys, and these can be drawn into wire. The 
results obtained by rolling and also cold drawing are shown in Fig. 194, from 
which it will be seen that in the case of the 7-per-cent, aluminium alloy, the 
tensile strength is raised from about 19 tons per square inch m the cast con- 
dition, to about 27 tons per square inch when rolled, and to about 32 tons per 
square inch when drawn cold from | inch to -f inch diameter. The ductUity is 
increased by the rolling, but of course falls off during drawing. 

The figures are likely to be modified by the amount of “ working,” and 
must depend on the reduction during drawing. The importance of gradual 

* “ The Effect of Temperature on Some of the Properties of Metals,” by Professor 
F. C. Lea, O.B.E., D.Sc., Inst. Mech. Eng,, Jime 15, 1922 ; Engineering, June 30, 1922. 
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reduction is the same for these alloys as for brass, and if too great a pinch ” 
is given the usual troubles common to brass will occur, such as season 
cracking.” 

Heat Treatment. — ^Those alloys containing less than 7 per cent, of 
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Fig. 193. — Strengths of Aluminium Bronze Alloys (Sand Castings). 



/K lumiftium C9nf. 

Fig. 194. — Strengths of Rolled and Drawn Aluminium Bronze AUoys. 


aluminium are not much affected by heat treatment, whether cooled slowly or 
quenched, but the effect of annealing is much the same as with brass, and pro- 
longed heating causes the grain-size to increase with a consequent reduction in 
strength and a very marked falling off in the yield point (see Chapter X). 
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In t^e case of the alloys containing over 7*5 per cent, aluminium the effect 
of quenching is quite considerable, especially with the 10-per-cent, alloy, in which 
the ^nsile strength is raised from about 32 tons per square inch to about 
SO^tons per square inch by quenching in water from a temperature of 800° C. 
^is important property is dealt with in Chapter X, under “ Heat Treatment,’’ 
^4nd reference should be made to that section. 

Castings — Sand, Chill and Die. — ^The principal feature of aluminium 
bronze castiugs is their high shrinkage and contraction. Eor the shrinkage 
it is necessary to provide large gates and a good head of metal, otherwise the 
castings will be porous and spongy. The contraction to be allowed for amounts 
to about 0’20 inch per foot. 

Casting in chill moulds does not greatly increase the tensile strength of 
the 7-per-cent. aUoy, but with the higher percentage alloys the improvement 
is more marked, although even then the gain is not much, the 10-per-cent. 
aUoy being about 4 tons per square inch better. 

An important advance in die castings is announced by Rix and Whitaker,* 
who are using a modified aluminium bronze with success in die castings. The 
alloy they are using is one of the series containing 7 to 10 per cent, aluminium, 
and from 1 to 4 per cent, of iron. The addition of iron is highly important, 
and the results obtained from 24 test bars cast in 1-inch chill moulds and cooled 
in air average out as follows : — 


Yield 

Ultimate tensile 
Elongation on 2 inches 
Reduction of area . . 


14*7 tons per square inch 
35*5 ,, ,, ,, 

24*0 per cent. 

21*8 


These two workers are employing this alloy for very complicated parts, 
such as dynamo brash rockers, and the results appear to be highly 
satisfactory. 

The strongest alloy in the form of sand castings is that containing about 
10 per cent, aluminium. The tensile strength is about 30 tons per square inch 
and the elongation about 20 per cent. When cast in a chill mould the tensile 
strength is increased to about 35 tons per square inch and the elongation to 
25 per cent. 


Brass 

Essentially, brass is a copper-zinc alloy, but there are many special brasses 
containing other elements, added purposely to improve the properties of the 
alloy. Thus, to commence with, the brasses might be divided into (1) ordinary 
plain brasses, and (2) special or high tensile brasses. Some of the latter alloys 
are veiy complex, and before attempting to deal with them it is advisable 
to consider the plain or simple brasses consisting only of copper and zinc. 

The effect of varying the proportions of these two metals is shown in Eig. 
195. From this it will be seen that as the zinc content is increased so the 
tensile strength is raised until at about 45 per cent, zinc it reaches a TTifl.YittiiiTn 
of 30 tons per square inch. The ductility, however, as shown by the elongation 
reaches a maximum at 30 per cent, zinc, and then falls off rapidly. The alloys 

Aluminium Bronze,” by H. Rix and H. Whitaker, M.So., Inet. 
Metals, March, 1918. ’ 
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containing more than 45 per cent, of zinc are of no commercial ^ a-luV 
be seen by the rapid falling off in strength. All the principal brass^/ 
contain between 55 and 70 per cent, of copper, and the constitution o¥^^ 
is very simple. Those containing more than 64 per cent, of copper cois™^.®® 
of a single solid solution, ‘‘ alpha,’’ and those containing between 64 and 55 
cent, are composed of two different solid solutions, ‘‘ alpha ” and “ beta.X^ 
The single constituent brasses can be rolled and drawn cold, while those with ^ , 
two constituents are rolled hot. The division between the two is not sharply 
defined, as some of the double constituent alloys can also be rolled cold. 

Commercial Brasses. — In most cases brass contains a number of 
added metals together with certain impurities, and it is necessary there- 
fore to take these into account when considering the different grades now 
in use. 



Z tnc per cent . 

Fig. 195. — Strengths of Copper-zinc Alloys. After mechanical and thermal treatment. 

Lead. — ^This metal is nearly always present in brass, being introduced 
in the zinc, which always contains a small amount. Very often it is added 
intentionally because it improves the machining qualities of the alloy, a fact 
which is due to it not alloying properly but remaining in the free state dis- 
tributed throughout the mass in very minute globules or films which separate 
the crystal grains, and thus render the metal less tenacious. The turnings, 
therefore, instead of being long and tough are short chips breaking off through 
the lines of weakness produced by the lead. It also appears that the lead 
acts in the manner of a lubricant, and thus enables higher speeds to be 
employed and a better finish to be secured. 

Since, however, lead reduces the tensile strength and ductility of the alloy, 
its amount must be limited in good quality brasses, and it is usual therefore, 
to limit it to about OTO per cent 
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Tin.-/Tin is added to brass to reduce corrosion, and for this reason is 
gpecifiec^'^as a definite constituent by the Admiralty, the alloy (which is of 
gpgcia^»<^omposition) being known as “ Naval ” brass. It increases the hardness 
and alloy, but beyond 1 per cent, the metal rapidly becomes too 

and brittle, and with 2 per cent, is practically useless. 

/Iron. — ^This metal is added to brass to form a stronger alloy, and is one 
A the constituents of the well-known Delta Metal which is described later, 
^t is not usually present in large amount in ordinary brasses although it is 
a common impurity. It increases the strength and hardness. 

Arsenic. — ^This element is an impurity originally contained in the 
copper, and has an injurious effect upon the alloy since it tends to cause brittle- 
ness when present in amounts exceeding 0*5 per cent. Small amoimts dissolve 
in the copper, and have a hardening effect, and in some cases, therefore, its 
presence is helpful. 

Antimony. — ^This metal is also an impurity imparted by the copper, 
but is much more injurious than arsenic. It affects the rolling very much, 
since it causes the metal to crack. This will be easily understood because 
antimony is almost insoluble in copper, and therefore during the cooling of 
the ingot it separates out either as free metal or with a little copper, and having 
a low melting point remains liquid, and finally solidifies between the grains 
of the brass itself. Thus each grain is separated by a thin film of brittle and 
weak material, and the alloy during rolling easily cracks along this plane of 
weakness. Sperry found that 0*02 per cent, would cause trouble, and 
therefore in good brasses antimony should be limited to 0*01 per cent, as a 
maximum. 


Bismuth. — In some instances bismuth is found in copper alloys, being 
introduced through this metal. Its effect on brass is similar to antimony, 
but it does not appear to be quite so injurious. Li a good brass it should not 
exceed 0*01 per cent., but in some cases it may be allowed to approach 0*02 
per cent, without serious trouble occurring. 

Composition. — ^The table on p. 407 contains a few of the more common 
alloys, but it should be remembered that the composition of most commercial 
brasses is very varied, particularly the cast brasses. The first three alloys are 
termed “ basis ” alloys, and represent the standard compositions for the three 
purposes, cold rolling, casting, and hot rolling respectively. 

Cast Brass. — Brass castings are usually of the following approximate 
composition : Copper 66 per cent. ; zinc 34 per cent. 

There are, however, many other compositions, and usually very large 
amounts of impurities such as lead, tin, and iron. These are mainly due to the 
employment of scrap metal, a very common practice in brass foundries, and, 
except when the metal has to be particularly reliable, these compositions are 
usually satisfactory. Common yellow brass of 70 copper, 30 zinc is often used, 
while the 60 copper, 40 zinc is another alloy. 

Sometimes smaller and more delicate castings are made from alloys con- 
taining from 75 per cent, to 90 per cent, of copper. Thus cocks and taps are 
often made from an alloy containing about 78/79 copper, 14/15 zinc, together 
with 2 to 3 per cent, of both lead and tin. Eed brass contains up to 90 per 
cent, of copper, whilst jewellery is generally made from 85 copper, 15 zinc 
alloy. 

Very large castings may contain a comparatively large amoimt of zinc. 
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Thus, hydraulic pump parts are made from an alloy containing 58/59 copper, 
37 /39 zinc, with tin and lead each under 2 per cent. 

The mechanical properties of the cast brasses depend not only on the 
proportions of copper and zinc, but also on the impurities present. Further, 
the addition of certain other metals will affect the strength and ductility of 
the alloys. The tensile strength and elongation per cent, for those alloys that 
have been made from comparatively pure copper and zinc are shown in Fig. 195. 
Other figures are given in the table on p. 407. 

It is important to note that the elastic limit (or the yield point) is very low 
as compared with the ultimate breaking stress, and this fact must be considered 
when using brass castings for parts that are subjected to comparatively high 
stresses. 

Pouring Temperatures. — ^The casting temperature depends mainly 
on the type and size of casting. It is also controlled by the composition of 
the alloy. The best commencing temperature for casting with a 69/40 
brass is about 980° to 1,000° C., and for a 70/30 brass about 1,030° to 1,040° C., 
while for alloys containing more copper the temperature should be about 
1,100° C. 

The difficulty with higher temperatures is the absorption of gases by the 
metal, and this grows more serious as the temperature is increased. These 
gases, of course, are absorbed while in the furnace, and unless the latter is 
electrically heated this source of trouble cannot be entirely prevented. If the 
metal is poured at such high temperatures and while still charged with gases, 
the resulting casting is generally fuU of blowholes caused by the gases 
liberated during coolmg not being able to escape. Such metal is described 
as “ spuey.’' 

With low temperatures dross is apt to be carried in by the metal, and 
this causes a non-coherent structure. What is termed “ spilly ” metal is 
often produced by the immediate freezing of the metal as it touches the 
mould ; subsequent layers do not adhere. 

Hot-rolled Brass. — ^Nearly aU the rolled metal is W'Orked w^hile hot, 
whatever its composition may be, but as some can be rolled and drawn cold 
a division is made here, and the latter alloys are dealt with later. The hot- 
rolling alloys contain from 58 to 62 per cent, of copper ; the most common of 
these is Muntz metal, of about 60/40 composition. Such alloys, as explained 
already, consist of the two constituents alpha and beta solid solutions, and 
in the cast state these are found separated in fairly large patches, causing 
the structure to be very coarse. By hot working, however, these patches are 
reduced, and the structure becomes much finer, but the temperature should 
be higher than 600° C., otherwise the grains are simply distorted and annealing 
becomes necessary to restore the metal. The mechanical characteristics of 
the hot-rolled brasses are somewhat similar to those of the forged material 
referred to below. 

Hot-forging Brass. — Some brasses can be forged under the drop hammer, 
and very satisfactory drop stampings are made this way. The alloys coming 
within the range 57 to 63 per cent, copper are those generally employed. The 
mechanical properties of these alloys depend on the amount of work put into 
the metal and the thermal treatment. If the stampings are quenched in water 
instead of being allowed to cool slowly they will be harder and stronger, but 
not so ductile as the slowly cooled material. 



NON-FERROUS METALS & ALLOYS 409 

According to Ellis, the following results may be expected from stampings 
that have been fully annealed : — 


Copper, 
per cent. 

Yield, 

tons per sq. in. 

Ultimate, 
tons per sq. in. 

Elongation, 
per cent. 

57 

12-5 

27*5 

25 

60 

110 

250 

40 

63 

8*5 i 

1 

190 

40 


The above figures show that the 60/40 alloy is the best all-round one in this 
range. Ellis also shows that the best results for machining are to be obtained 
with between 59 and 60 per cent, copper. The 60/40 mixture has the fastest 
machining time. With these mixtures the turnings are short and chippy, 
whilst above 60 per cent, and below 59 j)er cent, copper, the turnings have 
a more ribbon-like nature. 

“ Naval brass ” is an alloy specified by the Admiralty and consists of 62 per 
cent, copper, 37 per cent, zinc, and 1 per cent. tin. The copper content must 
not be less than 61 per cent., and the impurities must not exceed 0*75 per cent. 
This alloy can be forged or rolled hot into bars and sheets. It is employed 
by the Admiralty for bolts, spindles, tube plates, and for stanchions. The 
addition of tin reduces corrosion and therefore makes the alloy serviceable for 
marine work. Thus, for parts that are subjected to the action of sea water, 
the amount of tin is specified at 1 per cent, minimum. 

The tensile strengths of naval brass as specified by Govemn'ient Departments 
are given in the following table : — 



I Ultimate 

Elongation 

Bending 


i (min.), 

j toms per sq. in. 

(min.), 
per cent. 

test 

(cold). 

Sheets, | inch and under (annealed) . . 

26 

30 

180° 

,, f inch and under (hard rolled) 

26 

25 

ISS” 

,, 1 inch to J inch 

26 

20 

135° 

,, J inch to J inch 

24 

20 

120° 

,, above f inch 

Bars, J inch diameter and under 

22 

20 

! 90° 

26 

30 

75° 

„ above J inch diameter . . 

22 i 

30 

75° 

„ square 

22 ! 

30 

75° 


The elongation percentage is taken on gauge points 2 inches apart. The 
bending test (cold without annealing) is over a radius equal to the thickness 
or diameter of the test piece (which is placed on supports 10 inches apart and 
a die of the correct radius applied to the centre). 

Cold-rolled Brass. — ^The alloys generally employed for cold roUing or 
drawing contain more than 63 per cent, of copper. The No. 1 alloy in the table 
on p. 407 is the best of these since it possesses the maximum ductility, and 
is still fairly strong. Its structure is the homogeneous solid solution alpha, 
but the cold working produces grain distortion, and it is necessary to resort 
to annealing at intervals during the reduction. This procedure is important, 
for if attempts are made to leave out some of the annealing treatments, or 
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rather to do too much cold work on the metal, a trouble known as “ season 
cracking ” occurs. This is a spontaneous splitting of the metal, which may 
take place some little time after the metal is finished. This is very common 
with brass tubing, where the “ pinch ”or reduction has been too great, and the 
annealing insufficient. This defect rarely occurs in the rolled material and is 
almost confined to the drawn product. 

The 70/30 alloy mentioned above (No. 1 in table), when cold-roUed into 
sheets or strips and correctly annealed, possesses the following mechanical 
properties : — 

Yield, tons per square inch . . . . 4 to 6 

Ultimate, tons per square inch . . 20 „ 23 

Elongation, per cent. (2 inches) . . . . 65 „ 60 

This same alloy is used for boiler and condenser tubes, for which the 
Engineering Standards Committee have drawn up a specification. The principal 
tests applied are as foUow^s : — 

(1) Bulging or Drifting Test , — ^The tubes must stand an increase of 25 

per cent, in diameter without showing either crack or flaw. 

(2) Flanging Test . — The tubes must stand flanging, without showing either 

crack or flaw, until the diameter of the flange measures not less than 
25 per cent, greater than the original diameter of the tube. 

(3) Flattening and Douhling-over Test . — ^A piece of the tube is flattened 

down until the interior surfaces meet and is then doubled over (length- 
ways) on itself, that is bent through an angle of 180°, and flattened. 
No crack or flaw should show up. This test is carried out in the 
cold state. 

(4) Hydraulic Test . — ^All boiler tubes must stand an internal pressure of 

at least 750 lbs. per square inch. 

The American Society for Testing Materials have issued a similar specifica- 
tion for boiler tubes, and in this they state the composition as foUow s : — 

Copper . . . . . . . . not under 69 00 per cent. 

Lead . . . . . . . . . . not over 0'50 ,, 

Iron „ „ 010 „ 

Materials other than copper or zinc ,, „ 0'5U ,, 

Zinc . . . . . . . . . . remainder. 

Thus, the total of the materials other than copper or zinc does not exceed 
0*50 per cent, in the British specification the maximum limit is 0*75 per cent. 
The Admiralty specify the addition of 1 per cent, of tin, the composition being 
70 : 29 : 1. An alternative composition to the above is that containing copper 
and zinc in the ratio of 2 to 1. The copper should not be less than 66*7 per 
cent., and the maximum limit for materials other than copper or zinc is 0*75 
per cent. 

Effect of Temperature on the Strength of Brass. — The strength 
of the copper-zinc alloys becomes less as the temperature increases, but some 
of the alloys do not diminish in strength so rapidly as others. Thus Muntz 
metal is superior to most of the other brasses. The tensile strength of Muntz 
metal falls off approximately 16 to 18 per cent, during the change from the 
normal temperature to 200° C., and at 300° C. the decrease in strength is about 
30 per cent. The ductility does not fall off seriously until 200° C. is reached, 
and at 300° C. the elongation percentage is about half of the normal value. 
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Special Brasses 

The special brasses are often complex alloys ha\dng as a basis one 
or other of the common brasses but mochfied by the addition of one or more 
special metals such as iron, aluminium, tin, lead, manganese, or nickel. 
These are added chiefly with the object of increasing the strength and hardness 
of the alloy, although other objects are sought after, such as resistance to 
corrosion and improved machinability. 

There is still some uncertainty as to the effects of these different metals 
on the mechanical properties of the alloys, but in general the results can be 
summarised briefly as follows : — 

Iron. — ^This metal increases the hardness and strength of brass. It forms 
one of the principal controlling elements in such weU-known alloys as ‘‘ Delta ” 
metal, “ Durana ’’ metal, '' Tobin bronze, “ Aich metal, and “ Sterro- 
metal.” Of these, “ Delta ’’ metal is the one that is chiefly used in England, 
“ Durana metal being of German origin. The others are not used to any 
great extent. 

Some tests made by Smalley * show that the addition of 1 per cent, of iron 
to a 70/30 brass raises the yield point from 0*5 to 10*7 tons per square inch and 
the ultimate tensile strength from 16*7 to 24*5 tons per square inch. The 
ductility of the brass is practically unaffected. These are results obtained in 
the cast condition. After cold rolling and annealing, the yield point is raised 
(due to the iron) from 8 to 11 tons per square inch, and the ultimate tensile 
strength from 21*5 to 26*5 tons per square inch. The ductility remains about 
the same. 

The addition of 1 per cent, of iron to a 59/41 brass does not improve the 
alloy to the same extent as with the 70/30 brass mentioned above. The gieatest 
improvement is in the yield point of the forged material, and this is raised from 
9 to 13*9 tons per square inch, the tensile strength being increased by 2*8 tons 
per square inch from 26*0 tons per square inch. The improvement in the 
cast metal is only small. 

Aluminium. — ^Brass containing small quantities of aluminium is put on 
the market, although there does not appear to be any great demand for it. 
Other alloys, such as manganese bronze and “ Delta ’’ metal, are more in favour. 
The maximum amount of aluminium is 4 per cent., alloys containing more 
being difficult to work. It appears to have the same effect as zinc, but in a 
greater degree, and the structure of the alloy is very similar to an ordinary brass. 

The strength of the alloy increases with the proportion of aluminium, and 
with 3 per cent, is about 20 tons per square inch, with 50 per cent, elongation. 
The proportions of copper and zinc are about 70 and 27 per cent, respective^. 
With less copper and more zmc, say 59 Cu, 38 Zn, the tensile strength is about 
28 tons per square inch, with 12 per cent, elongation. 

These alloys cast well, and can be rolled and forged while hot. They can 
take the place of manganese bronze for pumps, small gears, marine work, etc. 

According to Smalley’s investigations, f the ductility of a 70/30 brass in 
the cast state falls off considerably as the percentage of aluminium is increased; 
The 59/41 brasses are affected in the same manner but not to the same extent. 

* “ The Development and Manufacture of High Tenacity Brass and Bronze,” by 
O. Smalley, M.Inst.M., read June, 1922, Inst. Brit. Foundry men. 

t Ihid. 
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The table below contains some of the results obtained by Smalley. The increase 
in the yield point and in the strength of both kinds of brass is very considerable. 


Tests taken on Chile Castings. 


Composition. 




Elongation, 





Yield point, 
tons per sq. in. 

Ultimate, 

of area, 
per cent. 




tons per sq. in. 

per cent. (2 ins.). 

Copper. 

Zinc. 

Aluminium. 



69-79 

26-67 

3-54 

13-60 

29-30 

' 

26-00 

27-60 

6913 

26-32 

4-55 

17-6 

31-9 

8-00 

11-7 

69-42 

24-68 

5-90 

28-10 

38-00 

3-00 

1-50 

69-48 

39-52 

1-00 

14-80 

32-00 

! 

30-00 

33-50 

58-36 

40-11 

1-54 

16-4 

35-20 

17-00 

18-50 

68-26 

38-56 

2-18 

16-00 

36-40 

16-00 

21 -50 

69-85 

37-13 

3-02 

22-30 

42 00 

18-50 

21-50 


The 70/30 alloys when forged give even better results, but the 59/41 alloys 
are not improved except in regard to ductility. These results are given in 
the following table. The 70/30 brasses are on the whole the best alloys for 
forging, rolling, or extruding, and are not so liable to develop a coarse crystal- 
line structure and thus become brittle. 


Tests taken in Forged Condition. 



Composition. 

Yield point, 

Ultimate, 

Elongation, ! 

; Reduction 
i of area, 

per cent. 

( 

Copper. 

Zinc. 

Aluminium. 

tons per sq. in. ! 

i 

tons per s<|. in. per cent. (2 ins.). 

69-79 

26-67 1 

3-54 

23-40 

37-10 

1 

1 34-00 : 

i 41-90 

69-13 

26-32 1 

4-55 

20-30 

38-60 

! 17-00 

i 20-00 

69-42 

24-68 

5-90 

32-50 

42-30 

i 

; 6-00 

i 

1 8-40 

i 

59-48 

39-52 

1-00 

11-10 

i 

31-30 

! 41-00 

44-60 

58-26 

38-56 

2-18 

11-70 

37-40 

1 27-00 

33-50 

69-85 

37-13 

3-02 

19-00 

40-30 

i 24-50 

i 

30-60 


Tin, — ^Alloys containing copper, zinc, and tin have been already dealt with 
under ‘‘ Gunmetal.’’ This metal added to brasii increases the resistance to 
corrosion, but it more than 1 per cent, is added the alloy tends to become brittle. 

Lead. — ^This metal is added to improve the machining qualities of brass, 
and its effects are explained on p. 405. 

Manganese. — ^As explained on p. 154, this metal forms part of an ahoy 
which is really brass, but is generally referred to as a bronze. In such cases iron 
and aluminium are usually associated with it, forming the commercial alloy 
manganese bronze. 

Delta Metal. — Several alloys are now sold under this name, but the 
original alloy patented by Dick was simply a brass containing about 55 per 
cent, copper. 41 per cent, zinc, to which was added about 2 or 3 per cent, of 
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iron. The commercial product, however, contains other metals in varying 
quantity, such as aluminium, tin, and manganese, and in consequence the 
analyses obtained from time to time do not always agree. 

These various alloys have been developed to suit varying requirements, and 
must therefore be recognised as such. 

Of the fuU range of alloys sold by the Delta Metal Company, Ltd., that 
known as No. IV is the one in greatest demand. This alloy can be cast in 
sand or chill moulds, and may be forged. Sand castings have a tensile 
strength of 20 to 24 tons per square inch, and an elongation figure of 30 to 40 
per cent. Chill castings are slightly stronger by about 2 or 3 tons per square 
inch, the elongation value being a little less. 

At a temperature of about 530"^ C., this alloy is quite malleable, and can be 
forged, stamped, or pressed into any required shape. A large quantity is put 
on the market as extruded bars in various sections. In this state, and also 
when forged, the metal is stronger than the cast, and is less liable to suffer from 
defects, such as blowholes. The tensile strength will vary from 32 to 36 tons 
per square inch with about 20 to 28 per cent, elongation. 

The effect of temperature on its strength is less than in the case of brass, 
gunmetal, and phosphor bronze, and this of course is valuable for steam fittings 
and other parts exposed to high temperatures. The falling off in strength at 
a temperature of 260° C. of a few of the common aUoys is given as follows : — 

Delta metal IV .. .. 1 7 *5 per cent. 

Ordinary brass . . . . 38*0 „ 

Phosphor bronze .. .. 31*0 „ 

Gunmetal .. .. ..33*0 „ 

Professor W. C. Unwin * gives a series of test results showing the variation 
in strength of both cast and rolled delta metal with increase in temperature. 
These results are given here : — 

Cast Delta Metal. 


Temperature. 

Ultimate, 
tons per sa. in. 

Elongation, 
in 2 in., per cent. 

• 

Reduction 
of area, per cent. 

Degs. Fahr. 
Atmos. 

Degs. Cent. 
Atmos. 

20*15 

4*5 

6*3 

310 


18*25 

40 

7*0 

154 

23*36 

7*0 

11*8 

410 

210 

22*48 

9*0 

13*0 

506 

263 

19-68 

16*0 

22*3 

590 

310 

16*00 

4*0 

9*4 

635 

334 

12-70 

: 1 

45*0 

45*7 


Rolled Delta Metal. 


Atmos. 

Atmos. 

31*16 

20*0 

55*0 

260 

126 

28*30 

22*0 

47*0 

400 

204 

26*58 

25*0 

53*0 

500 

260 

23*83 

27*9 

59*0 

570 

299 

19*32 

38*5 

60*0 

650 

343 

16*04 

330 

48-0 


* “ Strength of Alloys at Difterent Temperatures,’* Unwin, Report of the British 
Association, 1899. 
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A few of the principal special brasses are given in the following 
table : — 

Speciaii Brasses 


cA 








1 

Tensile, 

1 

1 „ 

t| 


o 






S 



tons per sq. in. 

§ g 



s*| 


Tin, 

per cent. 







i g>§ ,1 s s 

^ d 

Name of Alloy 


g 

-S 

|i 

p a 

IS 

d 

<u 

o'" 

; a> ® 

Yield. 

Ulti* 

s d 

d^ 

d 

O P. 

as 

S A 


® o 

h 

P M 
^ OJ 

A 


' O 

A 

mate. 

s; A A 

Sd 
PQ ” 


1 

2 

55 

55 

41 

42 ' 

— 

— 

1 

0-1*0 

0-1 0 

3 : — 

0-5-1-0' — 

— 

19*6 

30-40 — 

— 

Delta metali 

1 as cast, 
i Delta metal.r®^^* 

3 

64-78 

29-5 

2-2 

— 

— 

1*70 1 

1*5 

— 

30-32 

35-37 

14 — i 

— 

Durana metal. 




with 

antimony 



■ 





i 



4 

60 

38 

— 

— 

— 

— 

2 

: 

— 

22-31 

11-39 — ! 

— 

Sterrometal. 

5 

59 

38*4 

2*16 

0-31 



i — 

Oil 

1 

. — 

! 35 

; 15 — 1 

— 

Tobin bronze. 

6 

70 

27 

— 

— 

— 

' 3 

— 

: 

— 

1 20 

'50 — 

— 

Aluminium brass. 

7 

50 

1 

38 

! 

— 

— 

! " 

— 

— 

— 

j 28 

12 — ! 


Aluminium brass. 


Cupro-Nickel Alloys 

There are many alloys containing copper and nickel with and without 
other metals, but very few are used in general engineering work. Alloys 
of copper an(i nickel only are used for pumps, valves, and other plant, where 
corrosion is an important factor, while coins and bullet cases claim a large 
proportion of the output. Other alloys, such as nickel silver or German silver, 
find a use in the manufacture of spoons and forks, and for reflectors. 

The most important alloy is that containing 85 per cent, copper and 15 per 
cent, nickel, used for bullet cases. This, in the annealed state, has a tensile 
strength of 18 to 20 tons per square inch, with an elongation value of 28 to 30 
per cent. When drawn or rolled hard its strength is about 29 to 31 tons per 
square inch, with an elongation value of about 5 per cent. 

Another alloy is that known as Monel metal, containing approximately 30 
per cent, copper and 66 per cent, nickel, with small proportions of manganese, 
iron, and silicon. This alloy is prepared from ore which contains practically 
the same proportions of the two main metals ; the ore is found in Sudbury , 
Canada, but the alloy is named after its inventor, Ambrose Monel. 

Two alloys are put on the market : one suitable for castings, containing from 
1 to 1*5 per cent, silicon, and the other for rolling or forging, containing about 
0*1 per cent, silicon. The casting is a difficult operation, and it is the rolled 
metal that has found most use. 

The strength in the normal rolled condition is about 38 or 41 tons per 
square inch, with 38 to 45 per cent, elongation, and when annealed is about 33 
to 35 tons per square inch, with 40 to 50 per cent, elongation. It is extremely 
tough and in the forged or hot-rolled condition will not break on the impact 
testing machine (Izod). 

The chief characteristic of Monel metal is its strength at high temperatures, 
and in tliis respect it is superior to almost all the other copper alloys. The 
following figures are given by John Amott.* Compared with mild steel at a 

* “ Note on Monel Metal,” by John Amott, Engineering, October 25, 1918, 
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temperature of 600® C., Monel metal has a tensile strength of 20 tons per square 
inch as against 8 or 9 tons per square inch for steel. 


Temperature. 


Monel Metal. 

Xaval Brass. 

Manganese Brass. 



Tons per sq. in. 

Tons per sq. in. 

1 Tons per sq. in. 

Normal . . 


41*4 

260 

290 

295° C 


391 

18-3 

14-5 

340° C 


38*2 

13*5 

1 9-5 

410° C 


33*8 i 

5*4 

1 4-4 

500° C 


28-7 

Nil 

Nil 


The alloy has found considerable use for valves, pump rods, pump liners, 
springs, turbine blading, etc., in which it stands up much better than 
manganese brass. Its corrosion -resisting properties make it useful for marine 
purposes and for fittings on motor cars, etc. 

Other alloys containing copx^er and nickel are given in the following table : — 


Name of Alloy. 

Copper, 
per cent. 

Nickel, 
per cent. 

! Zinc, 
per cent. 

Iron, 
per cent. 

Manganese, 
per cent. 

Bullet case (foreign) 

' 85 

15 


trace 

trace 

Bullet case (British) 

80 

20 



— 

— 

Monel metal 

28 

66-67 

i j 

3 

2 

Constantan 

60 

40 

— i 

— 

— 

Manganin 

84 

4 


— 

12 

Nickel silver 

61 

19 

19 ! 

— 

— 

,, ,, . . . . . . 

1 

57 

24 

19 I 

— 

— 


Manganin and constantan are used in electrical apparatus because of their 
high electrical resistance and low resistance temperature coefficient. Both 
alloys are made in the form of sheet, strip, and wire. 

Nickel silver (German silver) is an aUoy of copper, zinc, and nickel, and is 
made up in various proportions for the manufacture of electrical resistances, 
lamp reflectors, spoons, forks, and electro-plate ware. The strength of these 
alloys is generally greater than that of ordinary brasses. The nickel silver alloy 
first mentioned in the above table has a yield point of about 8 tons per square 
inch, and an ultimate strength of approximately 18 tons per square inch, 
whilst the elongation is about 30 per cent. Nickel tends to increase the 
strength, and also the resistance to corrosion, of the alloys. A good alloy for 
casting is one containing 40 per cent, copper, 30 per cent, zinc, and 30 per 
cent, nickel. Alloys containing more copper and fairly free from impurities 
can be rolled or drawn into sheets and wire. 

Miscellaneous Alloys 

Nickel Chromium. — ^These two metals form alloys that resist corrosion 
to a remarkable extent. Alloys containing nickel and chromium are now used 
for case-hardening pots, annealing pots, and p 5 n:ometer protecting tubes. These 
do not oxidise at temperatures up to 1,100® C., and appear to be indestructible. 
Other alloys are made and drawn into wire and strip for electrical heating 
apparatus, etc. One such alloy is known under the trade name of “ Nichrome.” 
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Fusible Alloys. — Certain low-temperature melting-point alloys are used 
for boiler safety plugs, fire sprinkler valves, etc. Such aUoys contain lead, 
tin, bismuth or cadmium, and the melting-point depends on the proportions of 
these metals. A few of the more important are given in the following table : — 

Fusible Metals 


Melting 

point. 

Composition. 

Bismuth. 

Lead. 

Tin. 

Cadmium. 

Degs. C. 

Per cent. 

Per cent. 

Per cent. 

Per cent. 

65-5 

50-0 

25-0 

12-5 

12-5 

60 * 0-68 0 

50-0 

26-7 

13-3 

10-0 

710 

38-4 

30-8 

15-4 

15-4 

76 0 

27-6 

27-6 

10-3 

34-5 

80 0 

35-3 

35-1 

20 0 

9*5 

930 

60-0 

25 0 

25-0 


95 0 

60 0 

31-25 

18-75 

— 

95 0 

60-0 

— 

25-0 

25*0 

100-0 

50-0 

! 28-0 

22-0 j 

— 

108-0 1 

42-1 

42-1 

15-8 

i — 

117-0 

36-5 

1 36-5 

27-0 1 

— 

124-5 

57-4 

42-6 

— 1 

— 

137-0 

56*7 

— 

43-3 j 

— 

151-0 

23-5 

47-0 

29-5 i 

— 

177-0 


— 

48-0 1 

52-0 

180-0 

— 

36-5 

63-5 j 

— 


Remarks. 


Specially low melting-point. 
Lipowitz’s alloy. 

Woods’ alloy. 

“ Fusible metal.” 

»j >> 

Darcet’s alloy.* 

Newton’s alloy.* 

“Fusible metal.” 

Rose’s alloy.* 

“ Fusible metal.” 



Solders. — The solders used in general engineering work may be divided 
into two distinct classes : “ hard ” and soft ” The hard solders are used for 
the operation known as ‘‘ brazing,” and, as would be expected from their name, 
they are harder and stronger than the soft solders. 

The more common hard solders are “ spelter ” solders, consisting of zinc- 
rich brasses, and of these the one that is generally used contains about 50 per 
cent, of zinc. This is suitable for brazing brass articles. Spelter solder con- 
taining about 35 to 40 per cent, zinc is used for copper, steel, and iron articles. 
Occasionally an alloy containing less zinc (30 per cent.) is used, but owing to 
the high melting point of this alloy the brazing operation becomes a difficult one. 

Other alloys are used, some containing silver and others nickel. A few of 
these are given in the following table : — 


Composition (approx.). 


Copper. 

Zinc. 

Silver. 

Nickel. 

Per cent. 

Per cent. , 

Per cent. 

Per cent. 

90 

— 

10 

— 

55 

— 

45 1 

— 

50 

20 

1 30 ! 

— 

38 

50 

— • j 

12 


Applications. 


• Silver solder for thin steel articles. 

I Electrical instruments, etc. 

‘ Copper and brass work. 

Hard “ white ” solder for iron. 


* These alloys expand considerably on cooling, and are useful for taking impressions 
of dies, coins, and other objects from which accurate “ casts ” are required. 
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Borax is used as a flux when working with the hard solders descries ^ , 
Powdered glass may be used for the very hard solders. \ above. 

The so-called “ soft ” solders generally consist of lead and tin. Thes ^ 
considerably in composition, depending on the purpose for which the^^^^^ 
required. Thus tinmen’s soft solder consists of 35 to 45 per cent, of lead, t^^® 
remainder being tin. The solder used by plumbers contains from 65 to 75 p^® 
cent, of lead. 

The “ fine ” solder used by tinmen contains 35 per cent, of lead and melts 
at 180° C. When more lead is present the alloy passes through a pasty condition 
before sohdifying, and it is because of this that plumbers use a lead-rich alloy 
for wiped ” joints. 

The following hst gives brief particulars of the lead-tin solders : — 


Plumbers’ “ coarse ” solder 
Plumbers’ “ fine ” solder 
Tinmen’s “ coarse ” solder 
Tinmen’s “ fine ” solder 


75 per cent, lead ; pasty stage commences at 
270° C. (approx.). 

65 per cent, lead; pasty stage commences at 
245° C. (approx.). 

45 per cent, lead ; pasty stage commences at 
205° C. (approx.). 

35 per cent, lead; does not pass through a 
pasty stage. 


All the above soft solders solidify finally at 180° C. 

Various fluxes are used with the lead-tin solders, the most common being 
zinc chloride, resin, tallow, and ammonium chloride (sal-ammoniac). Zinc 
chloride solution (“ killed spirits ”) is corrosive and should not be used for 
electrical connections (cables and fuses, etc.) ; resin is much safer. Tallow is 
used on lead work, wiped joints, etc. Ammonium chloride is useful for copper 
and iron. 


Extruded Metals and Alloys 

The extrusion process referred to in the earlier portion of this chapter has 
been applied to a number of metals and alloys with considerable success. 
The improvement in the mechanical qualities of non-ferrous metals and alloys 
is somewhat similar to that obtained with forging processes. This is due to 
compressive action on the material and the absence of blowholes, etc. The 
various important metals and alloys that are extruded are described below. 

Aluminium. — ^This metal when extruded possesses a tensile strength of 
about 16 to 17 tons per square inch and an elongation value of 4 or 5 per cent. 

Copper. — Extruded sections of copper have a tensile strength of approxi- 
mately 15 tons per square inch and an elongation value of about 40 per cent. 

Zinc. — Zinc is extruded at comparatively low temperatures (35° to 80° C.), 
and in the extruded form possesses a tensile strength of 12 or 13 tons per square 
inch and 20 to 25 per cent, elongation. 

Brass. — -xMloys containing from 57 to 63 per cent, of copper with zinc 
as the balance are used in the extruding process. In many cases, however, 
other metals are added, some to improve machinabihty and others the tensile 
strength. 

The plain alloy, containing 60 per cent, copper and 40 per cent, zinc, when 
extruded possesses the following properties : Yield point, 9 tons per square inch ; 
ultimate strength, 25 tons per square inch ; elongation, 40 per cent. ; reduction 

O Tni 



416 


for^ile^it/ MATERIALS & DESIGN 

tin, bismutl^o per cent. I^ead is added to improve the machining qualities, and an 
these nietajiitaining 59*5 per cent, copper, 39 per cent, zinc, and 1*5 per cent, lead 
^xve results approximating to : Yield point, 8 tons per square inch ; ultimate 

-ngth, 20 tons per square inch ; elongation, 20 per cent. The cutting speed 

i this extruded alloy will be about 280 feet per minute. 

Mr The tensile strength of the 60/40 alloy is increased by adding tin and manga- 
nese while still retaining some lead to maintain a fair machining speed. Thus 
an alloy of the following approximate composition will give the results 


specified : — 

Composition. 


Mechanical Properties. 

Copper . . 



58*0 per cent. 

Yield point 

. 20 tons per square inch. 

Zinc 



39*5 

Ultimate 

. 30 

Lead 

Tin 

Manganese 

Iron 



1*3 „ 

0*6 

0*5 

0*2 „ 

Elongation 

. 20 per cent. 


Naval brass is extruded with success and gives results in accordance with 
the Government specifications. 

The Delta Metal Co., Ltd., who probably are the largest manufacturers 
of extruded metals and alloys, make up various rods and sections in the well- 
known “ Delta ” bronzes, manganese and aluminium bronzes, and aU the usual 
brasses mentioned above. The follo\ving results are typical of the “ Delta ” 
bronzes : — 


Delta Bronze J)elta Bronze 

No. I. No. IV. 

Ultimate strength (tons per square inch) . . . . 49*82 . . . . 37 'h- 

Elongation (per cent., 2 inches) . , . . . . 26*0 . . . . 27*0 

Reduction of area (per cent.) . . . . . . 24*9 . . . . 20*0 



CHAPTER XVI 


BEAEING METALS 

Considering the importance of bearing metals in engineering work it is 
surprising how little really systematic work has been done to clear up the many 
doubtful points that still trouble the designer. The ideal conditions, as 
Osborne Reynolds shows, where the friction is only that between a sohd and 
the lubricant, are scarcely ever attained in practice. The journal or other 
moving portion must on occasions come into actual contact with the bearing, 
and what then happens must depend on the nature of the materials in 
contact. 

The ordinary physical tests fail to give information that is sufficient 
to judge the quality of a material for bearing puiposes. Actual tests under 
running conditions are, of course, the only reliable ones, but they are of necessity 
prolonged and at the best are not of much assistance in solvdng problems on 
machinery which may happen to be of a different class. For example, com- 
parative tests on railway axle bearings are not of much assistance to the designer 
of automobile engines. Laboratory tests for wear are not strictly comparable, 
since the results must depend on such variable factors as bedding in, kind 
and quantity of lubricant, and also temperature.* 

There can be no doubt that these difficulties, in obtaining comparative 
information which will be of general service, are responsible for the meagre 
supply of literature. This, combined with the “ trade jealousy ’’ of the anti- 
friction metal manufacturer, forces the commercial engineer to remain con- 
servative to those few materials that have proved satisfactory^ under the 
conditions he is interested in. 

Requirements of Bearing Metals.— In general the requirements of 
a bearing metal can be summed up under the following headings : — 

(1) Low coefficient of friction. 

(2) Sufficient compressive strength (and hardness). 

(3) Durability — i,e. small amount of wear (in bearing), 

(4) Low temperature of running. 

(5) Minimum wear of journal. 

(6) Good behaviour under irritating circumstances {i.e. dust or grit). 

* There are other variables, such as pressure, surface velocity, mtermittency of 
loading, position of maximum pressure, inertia effects which vary with alteration in 
speed of reciprocating parts, and heat conduction due to the housing. Temperature and 
lubricant differences may be investigated in the laboratory, but the above and also the 
cooling effect of the air, etc., when running cannot be assessed. 



(7) Ease of fixing and replacing. 

(8) Resistance to corrosion by the lubricant. 

(9) Low cost. 

This summary of the properties required of a bearing metal is due to 
Hague.* 

Before dealing with these requirements in detail, however, a few general 
considerations are necessary, both as to the lubricant used and the nature of 
a bearing surface. With fatty oils (vegetable or animal) the degree of “ oili- 
ness '' or ‘‘ greasiness ” is much more marked than with mineral oils, and 
when bearings are lubricated with such oils there is very httle risk of injury 
unless the load is very excessive. But with mineral oils as lubricants more 
care must be bestowed on the materials used for the journal and bearing. In 
many instances lubrication is not possible or is not efficient, as for example , 
in some textile machines, knitting machines, and clock mechanism, and then it 
becomes a question of hardness of the bearing surfaces and their suitability for 
working in contact with each other. 

It is well known that the harder the surfaces are, the less will be the fric- 
tion and the amount of heat developed, but to obtain satisfactory results 
it is essential that the rubbing parts should be well fitted. Even then, the two 
surfaces can only touch at a few points, and it is these that must carry the 
load. Thus with hardened steel rubbing on hard steel it will be found that 
the speed must be kept low, otherwise excessive heating ill take place From 
this it is evident that another property must be made use of (in addition to 
hardness), and that is the ability of the material to deform sufficiently so as 
to offer a large number of points, to carry the load, and thus reduce the 
intensity of loading per point. This second property is referred to as plasticity, 
and, as will be seen later, it is one of the most important properties of a 
beaimg metal. 

Therefore two essentials are known : the first of which is hardness, and the 
second plasticity. These, unfortunately, are not usually associated in the same 
metal, and it is for this reason that certain metals are alloyed in order to 
produce the desired structure. This structure should consist of a large 
number of small hard points or areas embedded in a tough yet plastic body. 
Then the body or matrix will mould itself to the journal, and correct for any 
sHght lack of alignment, whilst the load will actually be carried by a large 
number of hard particles supported in the matrix. The pressure on each 
hard particle (or bearing point) is reduced, and consequently there is less 
heating. 

It is the formation of this particular structure that the metallurgist works 
for when producing anti-friction alloys, and, as will be seen later, this is the 
chief characteristic of the most successful bearing metals or alloys. 


Steel 

The most common mechanism is a shaft rotating in a bearing, and as 
a rule this shaft is made of steel. For this reason it is advisable to know what 
the wearing properties of steel are before proceeding to deal with the different 
kinds of bearing metals in which such shafts are run. 

* Engineering, June, 1910, pp. 826-29. 
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It is the usual practice to make the bearing of a softer material than the 
shaft or other moving part in order to concentrate the wear on the bearing 
rather than on the shaft, since it is usually easier to replace the bearing than 
the shaft. Hence the kind of bearing metal employed will depend to some 
extent on the hardness of the steel shaft. 

The hardness of the shaft depends on the class of steel, its carbon content, 
and on the treatment it has received. The different conditions are dealt 
with as follows. 

Mild Steel . — ^Low carbon steels (up to 0*25 per cent, carbon) do not run 
so well as the medium and high carbon steels. Wlien run in gunmetal or bronze 
bearings the steel, owing to its softness, “ picks up ” particles of the copper 
constituent and this becomes embedded in the steel. This,, of course, 
aggravates the trouble and each revolution attracts more particles. If the 
steel has been toughened by water quenching this fault is minimised to a great 
extent. 

Mild steel can be run with success in soft grey iron, white metal, and to 
some extent in gunmetal bearings. It should not be run in bronze unless this 
contains a considerable amount of lead, and certainly not in phosphor bronze 
(with phosphorus over 0*15 per cent.) even when the proportion of lead 
is high. 

Medium Carbon Steel. — 30-ton (0*25 to 0*35 per cent, carbon) and 40- 
ton (0*35 to 0*45 per cent, carbon) steels are usually chosen for running 
parts. According to Robin a 0*4 per cent, carbon steel offers the greatest 
resistance of all the carbon steels to abrasive action. 

When heat treated these steels can be run with success in soft grey iron, 
white metal, gunmetal, lead bronze, and low phosphorus (0*1 per cent.) 
phosphor bronze bea;rmgs. 

Hardened Carbon Steel. — ^High carbon steels are not used to any extent 
except for small parts like catch plates, trip gear, etc. When hardened and 
tempered they will give good service against similarly treated steel at slow 
speeds and when lubricated well with a viscous oil or grease. 

In general practice, however, hardened steel parts are generally case- 
hardened. 

The great hardness of such parts ^iftkes it possible to employ the hard 
bronzes as bearing material. Phosphor^^)ronze containing up to 1*5 per cent, 
phosphorus can be used with remarkable success ; in fact this is the only 
possible application of this bronze. Other good materials are grey cast-iron, 
and the brou|es and white metals. Some of the aluminium alloys also 
run well. * 

The structure desirable in bearing metals can also be obtained in case- 
hardened steel (see p. 223) by retaining the free cementite in the spheroidal 
form. With alloy case-hardening steels this is especially so because the harden- 
ing produces a partly austenitic structure which, while not strictly hard, is very 
tough and plastic, and which supports the hard granules of cementite. This 
particular structure is not usually obtained, but there is much in its favour, 
and no doubt in the future the tendency will be to develop the case-hardening 
process in this direction. 

Alloy Steels. — ^Por the same carbon content alloy steels wear 
better than carbon, and the harder bronzes can be used with them without 
risk of scoring. At the same time the high phosphorus bronzes are Ukely 



422 MATEEIALS & DESIGN 

to lead to trouble at high speeds, and where the lubrication is not quite 
efficient. 

The presence of chromium adds greatly to the wearing properties, 
and in the case of case-hardening steels, chromium should be included 
in the composition together with nickel, when very severe conditions 
prevail. 


Cast-iron 

Soft grey cast-iron makes an excellent bearing surface. This, no doubt, 
is mainly due to the presence of particles of graphite in the iron and to its 
porosity, which holds the lubricant and allows it to ooze out to the surface. 
It gives good service in contact with any of the steels, and is even satisfactory 
with wrought iron. It also runs well against itself, as, for example, cast-iron 
piston rings in petrol engines are regularly used to work against cast-iron 
cylinders. The surface after running some time develops a beautiful, smooth, 
glossy appearance, and even when heated does not seize readily. It wiU 
contmue worldng under bad conditions, the metal simply grinding to a powder, 
leaving the parts free to move over each other so long as any solid material 
remains. 

Chilled cast-iron is often used in place of steel, whether case-hardehed or 
not, and gives better service. Castings are made with suitable chills placed 
at those points which are to form the bearing surfaces, and these surfaces 
are carefully ground. The chief difficulty lies in the distortion of the castings, 
and this must be allowed for in the patterns. Of course, in many in- 
stances the bearing surfaces can be cast separately and then attached to 
the main portion of the structure. The effect of chilling is to prevent 
the carbon separating out as graphite, thus producing iron rich in combined 
(hardening) carbon and which, in consequence, is very hard. Such iron on 
fracture has the characteristic white, bright glistening appearance of white 
cast-iron. 


Bronze 

Bronzes are used mainly on account of their toughness and ability to with- 
stand heavy blows and stresses without fracture. Copper alon^is unsuitable 
because of the difficulties in casting and machining, but when -tin is added 
a strong machinable alloy is produced which forms a good bearing metal. 
The addition of lead, however, due to Dick, makes this alloy much more satis- 
factory, and the majority of the bearings, however used, now contain fairly large 
proportions of this metal. Dick also added phosphorus, which, acting as a 
powerful deoxidiser, purified the alloy of oxides and dross, etc., making much 
sounder castings. Lead weakens the alloy, but greatly increases its plasticity 
and reduces the wear. 

Archbutt and Deeley * quote some results obtained by Dr. Dudley, t who 


* “ Lubrication and Lubricants,” 1912, pp. 426. 
t Journal Franklin Inst,, 1892, pp. 81-93 and 161-72. 
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very carefully investigated the effect of adding lead and phosphorus to the 
standard copper-tin alloy. These results are given below : — 

Rklative Wear of Bronze Bearings 


Alloy Tested. | Composition. 


I 


Standard lead (phosphor) bronze S 

Cu 

79*7 

Sn 

10*0 

Pb 

9*5 

P 

0*80 

As 

1*0 

Ordinary bronze . . 

87*5 

12*5 

— 

— 

— 

1*49 

Arsenic bronze A . . . . . . 

89*2 

10*0 

— 

— 

0*80 

1*42 

„ B I 

82*2 

10*0 

7*0 

— 

0*80 

l*J5 

,, „ C • 

79*7 

100 

9*5 

— 

0*80 ! 

1 01 

Bronze ' K ” . . . . . . . . ; 

77*0 

10*5 

12*5 

— 

— ‘ 1 

1 0*92 

„ “B ” .. • 

77*0 

8*0 

15*0 

— 

— • 

i 0*86 


These tests were carried out by taking a certain number of bearings made 
of ordinary bronze, and. an equal number made of the experimental alloy 
and placing these on locomotive tender or car axles in pairs, an ordinary bronze 
and an experimental bearing being placed on opposite ends of the same axle. 
The relative rates of wear were ascertained by weighing the bearing at intervals. 
The ordinary bronze not only wore half as fast again as the standard lead bronze, 
but a much larger percentage heated of the bearings made of it. 

Arsenic gave the same result as phosphorus. like phosphorus it merely 
promotes sound castings, while both have little, if any, influence upon the rate 
of wear. 

These results of Dudley’s were confirmed later by Clamer,* who used a 
specially designed friction-testing machine and obtained the results given 
below. 


Relative Friction and Wear of Lead Bronzes (Clamer). 


1 

1 Copper. 

Tin. 

Lead. 

Friction 

factor. 

Temperature 
above room. 

W"ear in Grams. 


1 



Jbs. 

Degs. F. 


1 

85*76 

14*90 

— 

13 

50 

0*2800 

2 

90*67 

9*45 

— - 

13 

51 

0*1768 

3 

95-01 

4*95 

— 

16 

52 

0 0776 

4 

90*82 

4*62 

4*82 

14 

53 

0*0542 

5 

85*12 

4*64 

10*62 

184 

56 

0 0380 

6 

81*27 

5*17 

14*14 

184 

58 

0*0327 

7 

75*0 

5*0 

20*0 

184 ; 

58 

0-0277 

8 

68*71 

5*24 

26*67 

18 

58 

0 0204 

9 

64*34 

4*70 

1 

31*22 

18 

64 

0*0130 


It was found that the rate^ of wear diminished, though the friction and 
temperature increased, as the percentage of tin in the bronze was decrea^d 
and the percentage of lead increased. 

The practice of using so much lead is not adopted generally in England. 
Very few of the bronzes used contain more than 10 per cent, lead, it being more 
usual to employ white metals instead of high lead bronzes. Segregation is one 

♦ Journal Franklin Inst., 1903, pp. 49 -77. 
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of the most common troubles, and with high percentages of lead it is found 
necessary to hmit the amount of tin to about 6 x>er cent. Even then great care 
is required to secure sound castings. Nickel is added (about 1 per cent.) to 
overcome this difficulty, but its action Is not thoroughly understood. 

Lead does not alloy with the copper and tin, but separates out as small 
globules which, in a good casting, should be uniformly distributed. These soft 
areas make the aUoy plastic. The copper and tin, however, form the com- 
pound SnCu 3 (about 9 per cent, tin, 91 per cent, copper), which is hard and 
resists the wear. The matrix or mass of the alloy is a solid solution of 
tin in copper, which is also hard ; thus these bronzes do not fulfil exactly the 
conditions specified in the early part of this chapter, i.e. the metal should 
have hard particles embedded in a softer and tougher matrix. For this reason 
bronzes are liable to cut and score such soft materials as mild steel and 
wrought iron. 

Charpy , who has carried out an immense amount of work on taring metals, 
finds that the plasticity or compressive strength increases as the percentage of 
tin is increased and decreases as the percentage of lead is increased. Law * 
quotes some of his results as follows : — 




Composition. 



Load corre- 
sponding to a 
compression of 
0-2 mm. 

Compression 
produced by a 
load of 5000 kg. 

Cu 

Sn 

Pb 

Sb 

P 

1 Zn 

Kilograms. 

Millimetres. 

89-45 i 

9-05 

0-68 

0-25 

0-107 

I 0-44 

1925 i 

3-7 

88-55 

10-32 

0-25 

0-13 

0-223 ! 

0-40 

2100 

3-1 

86-79 

11-20 

0-44 

0 31 

0-lJ 

1-17 1 

1 2350 

3-2 

85-70 

12-15 

0-51 

0-12 

0-385 

0-84 1 

3000 

2-5 

84-83 

13-41 

0-38 

0-13 

046 

0-59 : 

3100 

2-1 

84-30 ! 

14-60 

0-40 

0-10 

0-215 

0-56 i 

3600 

1-9 

80-65 ^ 

! 19-18 

1 

0-04 

0-21 

0-03 

1 

I 5000 

1 

1-4 

83-35 

' 6-60 

8-44 

0-16 



0-10 

1500 

4-8 

80-55 

2-25 

10-86 

'2-67 

0-21 

0-60 

1500 

4-8 

84*70 

10-05 

4-0 

0-14 

0-11 

0-46 

2000 

3-2 

82*30 

1 

8-98 

7-27 

0-14 

0-39 

0-10 

2700 

! i 

2-4 


These compression tests were carried out on test pieces 15 mm, m height 
and 10 square mm. sectional area. 

Zinc is added w?.th the object of producing sound castings, but it should not 
exceed 2 per cent, owing to the reduced tensile strength and ductility that 
results. Large amounts tend to produce brittleness and the breaking away of 
particles which score both the steel shaft and bearing. 

Phosphorus in small amounts is beneficial since it produces a sound casting, 
but owing to the formation of a very hard compound CU 3 P which separates 
out and forms a eutectic with the other compound SnCu 3 only small amounts 
are permissible wffiere the running parts are made of medium carbon or softer 
steels. In fact, high phosphoric bronzes are only suitable for hardened steel 
(case-hardened or otherwLse), and if they contain no lead they should not be 
used for any other material. 

* “ Alloys,” by E. F. Law, 1917, pp. 250-251. 
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The composition of some of the more usual bearing bronzes is given in the 
following table : — 


Some Bearing Bronzes 





Approximate Analysis. 









S 

! 

! 

s' 


General use. 





.2 


' 

O' 

Remarks. 


P< 




1 


M i 




§• 

o 

c 

e3 

O 

h; 

N 

< 

! c 
i A 

u 

^ ' 

o 

Ph 


General bearings . . 

90 

10 




. _ ‘ 

__ ' 

Trace 


Hard bearing metal 
Extra hard bearing 

90 

10 

— 



— 

: 

— . 

0-5 


metal 

87 

11 

— 


— 

— 

— ' 

10 


Bridge bearings for 
soft steel * 

85 

15 






10 

/ For pressures below 

Bridge bearings for 
hard steel * . . ' 

80 

20 


__ 




1-0 

\ 1500 lbs. per sq. in. 

I For pressures above 

For medium carbon i 






I 



\ 1500 lbs. per sq. in. 

steel and medium | 
hard steel . . ! 

88 ' 

8 

4 




1 

0-2 


Slide valves 

High speeds, heavy i 

84 

1 

9 ’5 

0-3 

' 

— 


i 

0*2 


pressures, shock, | 
etc. 

80 

10 

10 

i 




Trace 


High speeds, ’ 










medium pres- ; 










sures . . . . 

78 

7 

15 

— 

— 

-- 

— 

— 

(For pressures less 

Railway axles. 









(wagons) . . 1 

04 

5 

30 

! 

• — 

— 

1 


1 ^han 600 lbs. per 

1 sq. in. 

Common bearing . . ^ 

83 

14 : 

1 1 

i 

2 ■ 




Trace 



Brass. — The substitution of zinc for tin to form brass is resorted to when 
expense is all important, but bearings made of this material are not so good as 
those made from bronze. The tensile strength and ductility is not high, and 
therefore their use is limited to light work only. 

White Anti-friction Alloys 

This series of alloys, which are very complex, owe their popularity to the ease 
with which the bearings can be made up, fitted and scraped down to a smooth 
and polished surface, together with their low friction even under inefiicient 
lubrication. 

As a rule these alloys are exceptionally plastic and, in consequence, will 
mould themselves (under pressure) to the journal, thus increasing the area of 
contact and distributing the load more equally 

They have also an advantage in that the metal removed by wear is easily 
and quickly replaced, and this operation is more economical than the replacing 
of other forms of bearing. 

Further, as Archbutt and Deeley point out, there is not the same necessity 

* Metal Industry. 
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for fatty oils having a high degree of “ oiliness ; ’’ mineral oils may be used with 
good results. In fact, Dewrance states that very httle lead or zinc should be 
contained in white metal alloys lubricated with oils containing fatty acids, 
owing to the formation of soaps with these metals and the consequent corrosion. 
As lead is a common constituent in most of the anti-friction alloys and as 
fatty oils (animal or vegetable) nearly always contain a proportion of fatty 
acids, it is clear that mineral oils are preferable on this account quite apart 
from their lower cost. Tm, which is another common constituent, is not 
attacked so readily. 

The principal metals used in these alloys are copper, tm, antimony, lead, and 
zinc, and the melting points of the resulting alloys are usually low. Should the 
lubrication fail and the metal heat, the bearing wiU simply wear away rapidly 
or may ‘‘melt out,’’ but the shaft will remain almost unaffected. With 
ordinary bronze bearings this is not the case : those portions rich in copper 
will adhere to the sh^t and each revolution will aggravate the trouble. 
Phosphor bronze, however, does not behave in this manner, but, as already 
explained, it will tend to score the shaft should this be comparatively 
soft. 

The compositions of the various alloys used may be summarised into the 
following types. In these, the functions of the different metals can be gene- 
ralised as follows : — 

Copper toughens and increases plasticity. 

Alimony j increase compressive strength, reduce plasticity. 

Zinc f ^®^ding towards brittleness. 

Lead softens and increases plasticity, but reduces compressive strength and 
increases the friction. 

Types of Anti-friction Alloys. — ^Law * divides these alloys into two 
important groups, which are — 

(1) Alloys consisting essentially of tin, containing compounds of tin and 
antimony, and tin and copper 

(2) ^oys consisting essentially of lead, or lead and tin, containing a com- 
pound of tin and antimony. 

Group I Alloys. — ^The alloys of this group are characterised by their 
structure, which is shown in micrograph Pig. 196. The tin and antimony 
form a compound (SnSb) which ciyslallises in well-defined cubes that are 
hard and malleal^le. A second compound is formed between the tin and 
copper (SnCu 3 ), and this crystallises in the form of needles which often radiate 
from a centre like stars. These needles are very hard and brittle. These two 
compounds are embedded in a matrix of tin containing a percentage of both 
copper and antimony, the amount of which depends on the rapidity of 
cooling. 

^ ^The composition of the metal represented by the micrograph is as 

Impurities. 

Lead . . . . 0*23 per cent. 

Bismuth . . 0 01 „ 

Iron .. .. 0*12 „ 

♦ E. F. Law, “ Alloys,” 1917, pp. 242-»49. 


Main Constituents. 

Tin . . . . 79*63 per cent. 

Antimony .. 14*60 „ 

Copper • .. 5*21 



BEARING METALS 427 

According to Charpy, the alloy having the greatest compressive strength 
without being brittle is the following : — 

Tin 83*33 per cent. 

Antimony .. .. ..11*11 „ 

Copper . . . . . . 5*55 

Charpy also considers that the best alloys should have such a composition 
to within 3 or 4 per cent. The following analyses show how near some of the 
standard brands on the market approach Charpy’s composition. 


Analyses of some Standard Brands of Anti- friction Metals 



1 

2 , 

3 

4 ' 

5 

Tin 

79*63 

88*77 

83-50 

78*30 

85*49 

Antimony 

14*60 

6-26 

12*05 

11*30 

8*40 

Copper 

6*21 

3-76 

4*19 

9*30 

4*62 

Lead . . 

0-23 

0-23 

Trace 

0*66 

1*02 

Iron 

1 0*12 

Traces 

0*10 

— 

0*09 

Bismuth 

0*01 

0 005 

0*005 

— 

0*011 

Aluminium 

Traces 

Nil 

— 

— 

Traces 

Zinc 

Traces 

Traces j 

0*15 

0*15 

Traces 


The rate of cooling affects the size of the tin-antimony cubes, which are 
smaller with rapid cooling. This is shown by the two micrographs, Figs. 196 



Fig. 196. — Micrograph of a Typical Bearing Metal. Magnification 75 diameters. 

and 197, which were taken on the same ingot but in different positions. The 
large-size cubes were found in the upper portion of the ingot, while the small 
cubes were found in the lower portion close to a thin fin. The cooling of this 
fin by the metal ingot mould was more rapid than that of the upper surface. The 
importance of the size of the cubes is demonstrated by the experiments carried 
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out by Behrens and Baucke. In these, three bearings were cast on cores 
maintained at different temperatures, one red hot, one cooled by running water, 
and the third with water at 100° C. These bearings were then machined to 



Fig. 197. — Micrograph of similar metal to that shown in Fig. 196, showing smaller 
cubes due to more rapid cooling. Magnification 75 diameters. 


take a polished steel shaft 15 mm. diameter, which was rotated at 1,600 revolu- 
tions per minute. The amount of lead in the blocks constituting the load was 
varied, and the temperature rise w^as measured by means of thermometers 
placed in holes in the block fiUed wdth amalgam. One minute runs were made 
with different loads, and the following temperature rises w ere observed : — 


Temperature Rise °C. 


. state of Core 

Size of Cubes 

Slowly cooled. 
Approx. 0*5 mm. 

Water cooled. 
Confused structure. 

100 ° c. 

Approx. 0*25 mm. 

Load 0*3 kg. 

0*65 

0*50 

0*64 

„ 0 *4 kg. 

1*60 

0*82 

0*64 

„ 0*6 kg 

1-72 

1*12 

0*74 

„ l‘2kgs 

2*62 

1*50 

0*75 

,, 3*0 kgs. . . 

4*64 

3*80 

1 1*64 


After the final run the bearings were examined and both the slowdy cooled 
(red-hot core) and the chilled ones showed irregular grooves and scijatches, 
while that cooled on a core at 100° C. was found to have the tin-antimony cubes 
partly rounded and the matrix surrounding them worn away. The appearance 
of this last bearing gave the impression that the cubes might eventually be 
loosened and removed from their edges, and that this occurs was more or less 
proved by the fact that the oil on examination was found to contain small 
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spheroidal bodies which might easily have been cubes. On the other hand, the 
oil from the other bearings was found to contain small angular fragments, and 
as a result Behrens and Baucke conclude that the brittle needles of the tm- 
copper compound are crushed and act as an abrasive on the tin-antimony cubes, 
tending to round and to loosen them. In a quickly cooled bearing the cubes are 
not formed, and consequently are not there to be rounded off, while in slowly 
cooled bearings the cubes are so large that they are broken instead of being 
rounded. It is only in a properly cast bearing that the cubes are of the right 
size to retain their hold during the rounding off, and yet are not too large to 
crack up. Such a bearing Avill present a large number of hard points which are 
rounded off during use and form what may be considered as the next best 
alternative to a ball bearing. 

Apart from the effect of the cooling rate on the size of the cubes, the hard- 
ness of the matrix is also affected, being harder and therefore less plastic with 
rapid than with slow coolmg. 

Hague points out that these alloys have the greatest compressive strength 
of all the white metals not containing zinc, and they run the coolest. 

Group II Alloys. — These alloys contain either lead, and antimony or 
lead, tin, and antimony. The simpler alloy, lead-antimony, is not used to any 
extent now, but according to Charpy, who determined the compressive strength 
of these alloys, the best are those containing from 15 to 25 per cent, antimony. 
The two metals alloy in any proportion, but a eutectic is formed which contains 
13 per cent, antimony and 87 per cent, lead, and excess of either metal exists 
as free metal embedded in the eutectic. Thus with the alloys recommended 
by Charpy the excess metal is antimony, and this crystallises out as cubes 
embedded in the eutectic. These cubes of antimony are brittle, and if the 
amount of this metal exceeds 25 per cent, the alloy is too brittle, while if it is 
lower than 15 per cent, the excess of lead renders the alloy too soft. 

The addition of tin to this alloy improves it considerably, because of the 
formation of the tin-antiniony compoimd (already referred to under the alloys 
of Group I). This compound, which crystallises out as cubes, is not so hard or so 
brittle as the plain antimony cubes, while as a constituent in the eutectic 
matrix it increases the compressive strength. 

To avoid brittleness the antimony should not exceed 15 to 18 per cent., and 
to obtain in these conditions as high a compressive strength as possible, the 
alloy should contain between 10 and 20 per cent, of tin. 

These lead-tin-antimony alloys are said to wear better than the tin- 
antimony-copper alloys of Group I. This is probably due to the large amount 
of lead they contain. On the other hand, the friction is greater and they run 
hotter, a fact which makes them less suitable for high speeds. Again, their 
lower compressive strength renders them unsuitable for high pressures. They 
also appear to be very susceptible to the pouring temperature, far more so than 
the tin alloys. 

Casting White Metal Bearings. — ^The white metal used for a bearing 
generally takes the form of a thin layer or lining inside another metal forming 
the main support for the shaft. It is good practice to employ for this support 
a metal or some alloy which itself is a good bearing metal, so that in the event of 
overheating and the melting away of the white metal, the shaft will still be 
running against a material which has good bearing qualities. For example, 
the big end bearings of a petrol engine connecting rod should be made of 
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gunmetal (or bronze) lined with white metal ; so that, should the white metal 
melt out through overheating, the engine can still run on the gunmetal 
bushes without serious risk of damage to the crankshaft. 

many instances, however, where weight and expense are important con- 
sidef^&ions, the white metal lin^ g is fitted direct to the steel member (such as 
a' connecting rod) and no intermediate bush is used : a large number of aero 
engine rods are lined in this manner. 

Whatever material is used for supporting the white metal lining, it is im- 
portant to ensure that it is firmly attached, and this depends on the success of the 
preliminary tinning operation.* This often proves to be a difficult operation, 
especially with alloy steel. Pure tin should be used, and the article of steel should 
be thoroughly cleansed with a solution of potash or caustic soda (hot), rinsed 
in boiling water, and immediately tinned, using a flux such as the following: — 

Ammonium chloride (sal ammoniac) . . . . 59 per cent. 

Zinc chloride (anhydrous) . . . . 40 „ 

Sodium fluoride . . . . . . . . . . 1 „ 

This flux is very hygroscopic and should be kept in a well-stoppered bottle. 

The articles can be tinned with the white metal alloy itself, but this is not so 
satisfactory as' pure tin because of the oxidation of such alloying metals as copper. 

While stiU hot, the superfluous tin should be wiped out with a clean cotton 
rag or a brush, and the flux deposit removed. A second dip into the tin bath 
wffi remove the flux and at the same time produce a virgin surface for the 
bearing metal to adhere to, and this next operation should be done immedi- 
ately while the tinning is stiU fluid or before it commences to tarnish, which it 
does very rapidly, especially if it is too hot. The white metal can be poured 
into position after the necessary dummy shaft has been put in position. This 
latter should be warm but not too hot. 

The temperature of the white metal should be watched carefully and should 
not exceed that required to make it run freely. A piece of dry white paper 
dipped into the bath should turn brown. The temperature, of course, depends 
on the alloy used, but ranges between 280'' and 320° C. Overheating spoils 
the metal, and may make it useless. Any bluish ash (oxide of tin) found 
on the surface indicates this, and the metal should not be used. 

Dross or scum increases the friction and produces overheating, while pour- 
ing too hot causes the metal to be soft. Too low a temperature produces a 
coarse structure which may lead to overheating, as also will slow cooling. 
The metal before pouring should be well stirred from the bottom to prevent 
separation of the constituents and to secure uniformity, and as a rule it 
should not be heated more than three or four times. 

Die castings of white metal are employed to a considerable extent, and in 
many cases these have some form of reinforcement such as. steel or gunmetal 
rings or sleeves. The advantage of die casting lies in being able to make 
provision for oil grooves and other recesses, etc. 

Solid bearings of white metal are to be recommended ; these are made up 
just like ordinary brasses. When worn they can be recast, but the success of 
this depends very much on the alloy ; for example, Richards’ Plastic white 
metal with care, stand remeltmg many times without the structure being 
affected appreciably. 

♦ The following notes aa:e an abstract of the instructions issued by the Hoyt Metal 
Company. 
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Aluminium Alloys. — ^The employment of aluminium alloys for bearings 
is comparatively new, and with the increasing use of these alloys for engine 
work it is desirable that their values for bearing surfaces should be determined. 

Comparative tests with phosphor bronze and manganese bronze show that 
an alloy of aluminium 87 per cent, and copper 13 per cent, does not wear 
more or heat more than these two standard materials. The shaft employed 
was case-hardened nickel steel, and did not suffer to any greater extent with the 
aluminium alloy than wdth phosphor bronze or manganese bronze. 

Tests for Bearing Metals.— There are no practical standard tests for 
bearing metals, and it is not possible for the buyer to select an alloy in the same 
way as with steel and many other materials. An analysis is not a reliable 
guide, while tensile tests do not give the information required. The micro- 
scope is more helpful in so far that it shows the distribution of tbe constituents, 
their relative sizes and proportions, all of which have a direct influence on 
the bearing quality of the material. 

The correct form of test, of course, is a friction test, but commercially this 
is difficult to carry out, and is dependent on many conditions not easy to 
repeat. There are certain physical tests, however, which are useful if not 
completely satisfactory, and these are : 

(1) Compression tests. 

(2) Hardness tests. 

(3) Bending tests. 

Compression tests are useful inasmuch as they indicate the load that a 
bearing made of the particular alloy would stand, but, seeing that this factor 
is determined long in advance by the frictional quahty of the material, such 
figures are not often of much service. There are instances, however, where, 
the load is semi-stationary as with bridge bearings, and it is in such cases that 
the compression strength is more important than the frictional quality. 

A test of this description should be applied to specimens of one size only, 
and the load, as far as practicable, should be the same throughout; the 
strength of the material being determined by the strain. 

An interesting series of tests has been carried out by Smith and Humphries * 
on white metals, and these results show some of the difficulties in testing 
such materials. Five alloys were tested, the first approximating to the Charpy 
alloy, which has a high resistance to compression, and others having some of 
the 83 per cent, of tin replaced by lead, although aU the series are of high tin 
content. The specimens were 1 inch cubes, the load being 6 tons approximately, 
and the results obtained were : — 


Specimeu. 

Mean Stress, 

tons per sq. in. at 6 tons load. 

Average Strain. 


Per cent. 

Per cent. 

F.D.S. 

5-98 

1-45 

A.M.A. 

5*95 

0-66 

T.X.S. A1 

5-88 

312 

T.X.S. 

5-98 

407 

M.B. 

5-84 

30-63 


* “ Some Tests on White Anti-friction Bearing Metals,” by C. A. M. Smith and 
H. J. llumjphries, Institute Metals, vol. v, pp. 194-211 ; 1911. 
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From the above it is evident that lead reduces the compressive strength of 
the alloy. 

The time element is important, for in the above tests it was found that 
some specimens had not settled even after 20 or 30 minutes, contraction 
continuing to take place although in diminishing amounts. 

Hardness tests can be carried out with the Brinell machine, having a load 
of 500 Mlos. and a 10 mm. ball. It is doubtful, however, if such tests can be 
regarded as true hardness tests, but for rapid commercial practice they form a 
useful comparison between one alloy and another, and also, what is more 
important, a test for consistency in the batches of bearings made up. The 
testing of castings’ however, with the Brinell machine requires considerable 
experience and discrimination, because of the localised nature of the test and 
because of the inherent structure of all castings ; the variation between one 
portion and the adjacent piece often being very great. The time element 
also must be taken into account, and a period of, say, one minute allowed. 

Bending tests give useful information as to the amount of distortion the 
material can bear. The specimen should be in the form of a bar of rectangular 
cross-section. Such bars might be supported at points 10 inches apart and 
loaded at the centre. Smith and Humphries give some tests on bars f inch deep by 

inch wide, supported on points 10 inches apart. The skin stress at fracture 
is given and also the permanent dip at fracture. The results are ai-|ollows : — 


Specimen. 

. Load, 

, lbs. 

Maximum Stress, 
tons per sq. in. 

Maximum Deflection 
inches. 

. 

F.D.S. 

1 

1 950 

8-60 

0*33 

A.M.A. 

935 

8-48 

0*29 

T.X.S. A1 

1 875 

7*93 

0-50 

T.X.S. 

1 825 

713 

0-57 

M.B. 

j 700 

6*34 

- 0*68 


These figures are for the same white metal alloys as those refeiTed to under 
compression tests. 

Another series of tests on anti-friction aUoys are described in an important 
paper * by Mundey, Bissett, and Cartland. The results of these tests are given 
in the following table : — 


Test 

Xo. 

Approximate Composition. 

Tensile Strength. 

Brinell 

Hardness 

No. 

Compression. 

Tin. 

Antimony. 

Copper. 

Lead. 

Tons per 
sq. inch. 

Elongation 
per cent. 

Yield point 
0*001 inch. 

Compressed 
to half 
length. 

1 

93 

3-5 

3 5 


512 

11*6 

24*9 

3*569 

14*732 

2 

86 

10-5 

3-5 

— 

6*65 

7*1 

33*3 

4*372 

17*232 

3 

83 

10-5 

2*5 

4 0 

5*60 

None 

34*5 

4*284 

17*640 

4 

80 

no 

3 0 

6 0 

5*70 

None 

321 

4*640 

17*500 

5 

60 

100 

1-5 

28-5 

5*04 

None 

27*1 

3*696 

12*856 

6 

40 

100 

1-5 

; 48-5 

! 4*58 

None 

21*8 1 

3*660 

11*284 

7 

20 

j 15*0 

1-5 

63-5 

5*48 

None 

31*3 

4*016 

12*212 

8 

78 

I no 

no 

1 — 

6*36 

None 

37*0 

4*550 

17*856 

9 

5 1 

! 

150 

I 

— 

I 80*0 

4*69 

2*8 

24*9 

3*590 

13*356 


♦ “ White Metals,*’ by A. H. Mundey, C. C. Bissett, B. A., B.Sc., B.Met., and J. Cart 
land, M.C., M.Sc., Inat. Metals, September, 1922. 
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The tensile test pieces were cast at 350° C., the mould being heated to 
approximately 100° C. The diameter was 0*564 inch and the distance between 
gauge points was 2 inches. The Brinell results were all obtained with a 10 mm. 
ball and a load of 500 kg. The compression tests were made by taking cylinders 
0*564 inch diameter and 0*5 inch high. The first observation (yield point) 
was made when a permanent deformation of 0*001 inch was produced, the 
ultimate figure when the test piece was compressed to one-haM its original 
height. 

The No. 1 alloy has been used to a considerable extent for aero engines. 
It is probably ideal for big-end bearings. The No. 2 alloy is useful for general 
work for main bearings. The No. 3 alloy is also useful, the small proportion 
of lead having no serious detrimental effect. Although the elongation 
percentage is nil, the alloy is excellent in its resistance to shock. The No. 4 
alloy is useful for heavy loads and high speeds : rolling mills, locomotives, 
turbines, and Diesel engines. The No. 5 alloy is suitable for internal combustion 
engines of aU types, dynamos, locomotives, and steam engines. The No. 6 alloy 
is suitable for heavy pressures and medium speeds, or for medium pressures and 
high speeds : railway and tramway bearings. The No. 7 alloy forms an alter- 
native for No. 6 alloy. 

The No. 8 alloy is commonly loiown as “ plastic metal.’’ It is used exten- 
sively by milhvrights and marine engineers for rej)air jobs. It is hard and 
durable, and is self -tinning. This alloy behaves in the same manner as plum- 
bers’ soft solder, and can be spread or formed in much the same way as a 
wipe-joint is made. 

The No. 9 alloy is similar to those used on some of the continental railways. 
Bearings made of this alloy are capable of carrying their load and continuing 
their duty under increased temperatures to a greater extent than some of the 
tin-base alloys in similar circumstances. If the bearings can be made some- 
what longer than usual, thus ensuring the distribution of the load over an 
extended area, excellent results in running and endurance can be obtained. 

It is obvious that the different groups of bearing metals w^ill require different 
treatments on test ; cast-iron would not be compared with a white metal alloy, 
nor in practice would the question arise as to which material is the more suit- 
able for the particular bearing. On the other hand, a white metal might be 
substituted for a bronze or gunmetal, and these materials would have to be 
compared. In these circumstances the requirements of the designer would 
probably indicate the form of tests that would give the best comparative results. 
Such demands as loading, speed, bad working conditions (like corrosive fumes), 
high temperatures, uncertain oiling, or intermittent but excessive loading, 
would each call for special quahties, some of which would be possessed by bronze 
or gun-metal but not by white metal, and vice versa. 

The following table gives particulars of a few of the many alloys used for 
bearing purposes. Data as to the physical properties of many alloys are not 
available, but an indication of the usefulness of each alloy is given for guidance 
in selection. 
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Common 




1 Chemical Composition (approximate). 

1 ' ^ ^ 

; Compressive 

1 Strength. 

No. 

Description or Name of Alloy. 


1 


1 

Plios- 

I Anti- 


! Reduction 



Copper 

Per 

cent. 

' Tin. 

1 Per 
cent. 

Lead. 

Per 

cent. 

1 Zinc. 

1 Per 

1 cent. 

phorus. 

Per 

cent. 

! mony. 
1 Per 
j cent. 

Other elements. 
Per cent. 

( per cent. 

1 10,000 lbs. 

! loading 
{ per sq. in. 

1 

Gun*metal . . 

88 

10 

— 

2 

— 

1 

: — 

1 

2 

Plain bronze 

90 

10 

- 

— 

Trace 

— 

— 

— 

3 

Phosphor bronze 

90 

9*5-10*0 

- 

- 

0*5 

— 

— 

; — 

4 

Hard phosphor bronze 

87 

1 '' 

— 

— 

1*0 

; — 

' — 

; — 

5 

J) 5? S' 

85 

15 

- 

- 

1*0 

- 

1 _ 

1 

- 

6 


80 

20 

- 


1*0 


i 

- 

7 

Lead bronze 

88 

8 

4 


0*2 


i 

- 

8 


84 

9*5 

6*3 



0*2 

— 

— 

— 

9 

- ’’ 

80 

30 

10 

— 

Trace 




10 

» 

78 

7 

15 

— 


— 

— 

- 

11 

» 

' 

64 

5 

30 

— 

— 

— 

nickel, 1*0 

- 

12 


81 

7 

9 

3 

__ 

— 

— 

— 

13 

Common bronze 

90 ; 

6*5 

; 

2 

— 

— 

- 

; - 

14 

Common bearing alloy 

83 

14 

1 

2 

Trace 

- 

- 

- 

15 

Red brass 

83 ! 

2 

10 j 

5 

— 

— 

1 - 

— 

16 

Yellow brass 

I 

55 i 



' 

45 



_ 

— 

— 

17 

Manganese bronze . . 

58 j 

I 

1 

0-4 ; 

39 



Manganese, 0*75 
Iron, 0*8 
Aluminium, 0*6 



18 

Zinc alloy 

! 

10 1 

! — ! 

80 

__ 

10 

— 

— 

19 

Babbitt metal * (Charpy’s 

5-6 

83*3 

j 





11*1 



1*1 


alloy) 



( 






20 

Babbitt metal (general alloy) 

1-5 

89 

1 


— 

9*5 

— 



21 

>S M ?3 J? 

70 j 

79 

- 

— 

— 

14 

— 

— 

22 

Admiralty white metal 

5-5 

i 86 

— 

— 

— 

8*5 

— 

— 

23 

Lead-antimony 

— 

— 

90 

— 

— 

10 

— 

— 

24 

** Magnolia ” 



1 

• 85 



15 



25 

0-5 

1 0*5 

79 

— 

— 

20 

— 



26 

» • . • • 

— 

6 

80 

— 

— 

14 

— 

— 

27 

Lead-tin-antimony (Hughes' 
alloy) 

Eastern Railroad of France 

— 

17 

70 

— 

— 

13 

— 

' — 

28 

— 

10 

70 

■ — 

— 

20 

— 

1 — 

29 

30 

Common wfite metal 

1*0 

12 

54 

80 

34 

— 

i z 

8 

11 


— 

31 

Marine engine alloy . . 

3*0 

77 

17 

— 

— 

3 

— 

— 

32 

Marine alloy 

2*0 

40 

48 

— 

— 

10 

— 

— 

88 

High speed alloy . 

6*5 

17*6 

— 

— 

— 

76 





• Genuine Babbit metal contains approximately 3*7 per cent, copper, 7*4 per cent, antimony, and 89 per 
cent. tin. 



Beabikq Alloys 


BEARING METALS 


435 


OomiDrcssi v© 

strength. Hardness and Tensile Properties. 


Reduction 
per cent. 
100,000 lbs. 

loading 
per sq. in. 

Elastic 
Limit. 
Tons per 
sq. in. 

Brinell 

Number. 

Ultimate 
tensile. 
Tons per 
sq. in. 

Yield. 
Tons per 
sq. in. 

Elonga- 
tion. 
Per cent. 

Reduc- 
tion of 
Area. 
Per cent. 

Possible Applications. 

No. 

28-29 

6-5 

70-75 

15-17 

8-10 

15-18 

11-15 

High speed bearings and high 
pressures, thrust bearings. 

- 1 

28-29 

7*0 

65^70 

15-18 

9-10 

16-18 

16-20 

High pressure bearings for 
medium carbon shafts. 

2 




15 

— 

10 

— 

High speeds and high pressures 
for hardened steel. 

3 

12-16 

8-10 


10 


3 


Extra hard for high speeds 
and pressures for dead hard 
steel shafts (case-hardened). 


12-25 

S'5-10 






For pressures below 1,500 lbs. 
per sq. in. with soft steel 
for bridge bearings. 

5 

6-10 

11-18 






For pressures above 1,500 lbs. 
per sq. in with hard steel 
for bridge bearings. 

6 




14 

9 

15 

15 

High speeds for medium car- 
bon or medium hard steel. 

7 

— • 

— 

59-61 

13-0-14*5 

— 

8-10 

— 

Typical slide valve metal, t 

8 

33-35 

5-0’ 5 

55-60 

12’5-14’5 

8*5-9*5 

5-7 

6-10 

High speeds, heavy shocks, 
and vibration medium hard 
steel. 

9 

38-39 

4-5 

48 

12’5-13’5 

7*5-8*0 

12-18 

17-23 

High speeds, medium pres- 
sures and vibration medium 
or low carbon steel. 

10 








Railway waggon axles, U.S.A., 
for pressures less than 600 
lbs. per sq. in. 

11 

34-35 

5*5-6’0 

50-55 

13’5-15*5 

8*5-9*0 

' 15-18 

22—24 

Cheap bearing metal for 
machine bearings. 

12 

33-34 

5- 5-60 

50-60 

15-18 

8-10 

25-33 

26-34 

High speeds, heavy pressures, 
used in auto mr biles. 

13 



20-24 

11*0 

7*5 j 

2 

: — 

Machine bearings and other 
ordinary work. 

14 

46-47 

3-0-3’5 

34 

8*5-100 

40-4*5 

7-13 

i 11-17 

Cheap bearing metal for low 
pressures and no shocks. 

15 

— 

— 

80-93 

17-20 

— 

9-13 

! 

Low grade bearing metal. 

16 

11-12 

10-11 

100-105 

! 

28-32 

19-23 

20-25 

; 25-35 

Low speeds, heavy pressures 
for hard steel shafts ; witli- 
stands corrosion. 

17 



i 

— 

— 

— 

— 

Recommended for rock-break- 
ing machinery. 

.s 


! 8’0 

30 

50 




Maximum compressive 

strength with minimum 
brittleness. 

1 19 

— 

1 — 

j — 

— 

— 


! — 

Light loads, as alining in C.I. 
boxes — dynamo bearings. 

£0 


i 

j — 

— 

— 


i — 

Heavy loads, as a lining in C.I. 
boxes. .. 

21 

— i 



— 

— ' 

• 

— 

Standard Admirmty white 
metal. 

22 

— 

— 

16 


— 

— 

' — 

Heavy loads, slow moving for 
large shafts. 

23 

— 

— 

17 

— 

— 

— 

— 

Light loads, slow moving. 

24 

— 

— 

— 

— 

— 

— 

— 

Light loads, high speeds. 

25 

— 

— 

— 

— 

— 

— 

— 

Light loads, high speedS; 
vibration. 

26 

— 

— 

23 

— 


— 

— 

Metallic packings. 

27 

-- 

— 

— 

— ■ 


— 

— 

Eccentric straps and bronze 
slide valves. 

28 

— 

— 

— 

— 

— 



— 

Metallic packings. 

29 

— 

— 

— 

— 

' — 

— 

— i 

Light loads, cheap Bearings. 

30 

— 

— 

— 

— 

— 

— 

— 

Recommended for marine 
engine bearings. 

31 

— 

. — 

— 

— 

— 

— 

— 

Recommended for submerged 

32 

, — 


— ■ 


— - 

— 

— 

bearings. j 

High speeds, light loads. 

33 


t This alloy is passing out of use. Slide valves are now almost invaiiably made of cast-iron. 



CHAPTER XVII 


THE INSPECTION OF MATERIALS^ 

Organisation. — In connection with the Inspection of Materials, two kinds 
of organisation are prevalent : 

(1) Inspection on a cheap production basis. 

(2) Inspection oii a safety or ''luxury ’’ basis. 

These two conditions overlap to a certain extent, and there are some con- 
siderations that apply equally to both of them, but the details of working and 
general arrangements are different. 

In aeroplane or aero engine work, where the number of parts to be 
produced is comparatively small, the life of the pilot depends very largely 
on the quality of the materials contained in his machine, and it is therefore 
necessary to safeguard this by the most rigid inspection. Also in works where 
it is desired to produce, say, a motor car that shall be absolutely rehable, 
and safe to work under any conditions, this surety can only be obtained by 
most careful inspection, and scrapping of all parts that do not conform to a 
very high standard. 

In both of these cases, the production must necessarily be comparatively 
small, but of very high and guaranteed quality, and consequently the product 
must be sold at a high price. 

For production in large quantities, the risks taken are considerably greater. 
When large quantities of material are being dealt with, some batches are bound 
to be shghtly below standard, but otherwise of reasonable quality. 

Thus, much material that is not absolutely of first-class quality gets into 
the engines or machines. Also the proportion of test pieces taken in the case 
of quantity production cannot be as high as in the case of high standard pro- 
duction, as the cost of test pieces, both in material and workmanship, becomes 
excessive. It is therefore necessary both to widen the limits of usability, and 
to dimmish the scrutiny, so that greater risks of using poor material have to 
be taken, although the working standard may be the same in both cases. 

Other things being equal, the strictness or thoroughness of inspection will 
be determined by commercial considerations, i.e, by the price that can be 
obtained for the finished product in competition w ith other manufacturers. 

In the following pages, the procedure for production on a safety basis is 
laid down, and the remarks contained therein must be modified to suit the 
peculiar circumstances of each case and the margin of safety desired in 
the articles to be manufactured. 

Receipt of Materials. — ^Whenthe specifications governing the orders for 
materials have been decided, and the orders placed, it is necessary to formulate 
a procedure for receiving the materials at the works, and for following them 

♦ For a fuller discussion see ‘‘Engineering Inspection,” by Allcut and King 
(Routledge & Co. ). 
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through the various stages of manufacture in such a way that they can be 
readily identified at any stage. 

This is necessary for three reasons. 

(1) Because flaws, and other defects, invisible in rough stampings, forgings, 
or castings are often revealed in the course of machinii^. 

In these cases it will be impossible to debit the maker with the value of 
the scrap material unless some system of identification is employed. 

(2) Because materials from different sources are often used for making 
similar details. When the materials in question have to be heat treated, 
the different kinds of material must be separated out before heat treatment, 
and this cannot be done without some system whereby the different consign- 
ments can be followed through. 

(3) Because troubles are sometimes experienced in finished machines 
or engines, and are traced to a particular part or to a certain consignment 
of material. If this trouble recurs, it is a great advantage to be able to trace 
alljparts made from that particular consignment, and to scrap or rectify them 
bemte assembly. The selection of a suitable marking system is therefore 
an important factor in works organisation, and, once selected, it must be 
rigidly enforced. 

Any system of stamping or marking raw material is open to the objection 
that the marks disappear during machining processes. The identification 
marks must therefore be impressed on a surface that is not removed during 
the early machining operations. They must then be transferred to a machined 
surface before effacement, so that the identification marks remain on the 
job during its whole life. It is inevitable that some mistakes will occur, such 
as incorrect transference of marks, or omitting to transfer marks, but this carl 
be minimised by marking the ticket accompanying each batch of work with 
the identification symbol that should be stamped on each article. 

A critical point in the procedure is the handling of raw material on the 
receiving deck. At this stage, there ^vill be no identification symbols on the 
material, other than those put on by the makers. It may be argued that the 
identification marks of the purchasing firm can be put on by the makers before 
'delivery, but this is a very risky procedure, and it is very difficult to get the 
makers to undertake the responsibility of doing this. When the raw material 
is received, it must be kept together until it is bonded. The bonded store 
will be provided with bins, racks or marked spaces, for accommodating the 
various classes of work involved, and each new batch received will be labelled 
with a bond number as soon as it is deposited in the store. The material 
must never leave the bonded store until it has been inspected and passed 
as fit for use, when it will be marked with an identification stamp, and sent 
to the machine shop store to be drawn upon as required. 

In dealing with inspection of material from bond, three classes of work 
will be involved : — 

(1) Raw material, such as steel bars or bfilets. 

(2) Partly manufactured material, such as forgings, castings, or stampings. 

(3) Finished and assembled parts, such as oil pumps, magnetos, etc. 

The procedure will vary somewhat in these three cases, so that they will 

be taken seriatim. 

Raw Material. — ^This has been purchased to a material specification. 
It is therefore necessary to take physical and chemical tests to ensure that 
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the provisions of the specification have been fully met. On receiving the 
material, the storekeeper of the bond sends a note in duplicate to the Materials 
Inspector, asking for the consignment to be released. 

This inspection note also acts as a release note when the signed duplicate 
is returned to the storekeeper. 

The inspector then selects test pieces from the consignment, and when 
satisfied that the material is correct for use, signs the release note, issues 
an identification mark to be stamped on each bar and billet, and, where 
necessary, indicates the colours with which each bar or billet is to be painted. 
When this has been done, the materiar may be issued to the general stores. 

It is advisable (wherever possible ) for the identification mark to be stamped 
at frequent intervals along the bars, and on each piece cut from the billet, so 
that it may appear on all rough machined parts. 

Partly Manufactured Material. — The raw material from which 
this is made may be checked by the purchaser’s inspector at the supplier’s 
works, but it is seldom practicable to do this. A good plan is to arrange 
for test pieces to be cast or forged on the parts themselves so that these test 
pieces may be cut off and tested at the purchaser’s works. If this is done, 
several other considerations arise. Chief among these is the question of 
cost. If the test piece is cast or forged on every article (or batch of articles 
for plate moulded work), the cost of cutting these off, and that of the material 
wasted, is excessive. 

In some instances, parts can be designed in such a way that the test piece 
may be left on the finished job. In this way the cost of cutting off superfluous 
test pieces may be avoided. ^ 

If, on the other hand, a test piece is made on a percentage of the total 
number of forgings or castings, this waste is avoided, but there is nothing to 
prevent the test parts from being made of better material than the b^ulk 
consignment. 

In the latter case, systematic examination of parts scrapped in machining 
is necessary to ascertain whether the materials used in the actual jobs are as 
good as those in the test pieces. 

Manufactured Material. — ^In this case it is impossible to check the 
material used without scrapping one of the finished articles, but in important 
details it often pays to do this rather than to run the risk of putting faulty 
parts into an assembled machine, as, by its failure, a faulty detail may wreck 
other important and costly parts. The best procedure is to dissemble a definite 
percentage (say 1 per cent.) of the total number of articles received, and to 
check these for material and dimensions. 

The castings, forgings, etc., can be cut up into test pieces, analysed, or other- 
wise checked, and the remainder of the consignment passed into use, or rejected, 
on the results of these tests. In this way an independent check can be taken, 
as the supplier does not know which article will be chosen for testing. 

It should be remarked that no system of testing will give absolute security : 
the material can only be judged by the evidence available, which is invariably 
incomplete. 

It provides, however, a reasonable safeguard, and its moral effect on suppliers 
and workmen is great. Any manufacturer or operative who knows that 
the results of his work will be subjected to tests before acceptance, will 
usually be careful not to submit work that he Imows to be faulty. 
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Heat Treatment. — ^The identification symbol stamped on each 
article is an invaluable guide in the case of steel or other material that has 
to be heat treated. Each test piece, representing a consignment of material, 
must be put through the heat treatment proposed for the finished article. 

If, after this treatment, the required results are obtained, the bars or 
articles are marked accordingly, but if the chemical composition is slightly 
different to that of previous consignments of the same- brand, it may be neces- 
sary to vary the temperatures slightly to obtain the required results. 

This means that the system of markiug adopted must be capable of in- 
dicating the heat treatment to be given to each class of material used, by 
means of a card index or other arrangement. 

With case-hardened or other heat-treated work, it is possible that owing 
to incorrect transferences of identification marks, or on account of carelessness 
or accident in the heat-treating processes, some of the articles may be spoiled. 
As this fact is sometimes not discovered until the parts are in actual work, 
it is advisable that each batch of work treated in the same furnace at the same 
time shall bear a distinguishing number, and this number should be impressed 
on each article in that batch. In this way, if trouble is experienced with a 
particular part, and the failure is due to faulty heat treatment, the whole of 
the articles treated in that way can be isolated and examined before being 
assembled, or can be withdrawn for further examination if already assembled. 

With this safeguard much of the trouble experienced with case-hardened 
and heat-treated parts can be avoided. 

Shop Tests on Case-hardened and Heat-treated Steel.— The 
object of the inspector, however, is to avoid these troubles as far as possible, 
and this is done by a few simple tests, which are applied to each batch of heat- 
treated work. 

The easiest test to apply, and the most rapid in operation, is \isual exami- 
nation of the broken section of the heat-treated part. 

To avoid scrapping good work, it is advisable to arrange for an article 
of the same form as those being treated (but scrapped in machining at a previous 
operation) to be included with each batch of good work, as a test piece. 

This is carburised and heat treated with the batch of work, and is then 
broken to indicate the condition of the core and case in the other articles com- 
prising the batch, and on the results of this examination, the batch is accepted, 
rejected, or returned for another heat treatment. If the inspector is doubtful 
whether the test piece actually represents the character of the work, he may 
order one of the actual articles to be fractured, when, in case of re-heat treat- 
ment, the broken part can be used as the test piece. 

In case-hardened work the fracture test is of great value, and in very 
important details, Shch as aero-engine camshafts, a fracture piece is incor- 
porated with every shaft (each shaft being previously numbered), and the 
shaft is passed or rejected on the evidence of the fractured piece. 4 1 

Considerable discretion must be exercised in providing test and fracture 
pieces, as, if the test piece is not similar in size and shape to the actual article 
carburised, the results obtained may be very misleading. 

The disadvantage of visual examination, is that its success depends entirely 
upon the experience of the examiner, and to a certain extent*’on the light by 
which the fracture is examined. Artificial light is very bad^for such exami- 
nations — ^it is always preferable to inspect in good daylight wherever possible. 
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Fractures and their Characteristics.— Fracture tests on steels may 
be divided roughly into three classes : — 

(1) Normalised plain carbon steels. 

(2) Heat-treated steels. 

(3) Case-hardened steels. 

(а) Plain carbon case-hardening steels. 

(б) AUoy case-hardening steels. 

Normalised carbon steels should be fairly fibrous in structure, but the actual 
appearance of the fracture wdl depend to a large extent on the carbon content. 
In some cases the steel is still coarsely crystalline after the normalising operation, 
and in such instances a second normalising often effects a great improvement. 

Heat-treated steels, if properly treated, are usually finely fibrous in structure. 



Fig. 198. — Fracture of Case-hardened Part. 

Sometimes bright crystalline patches are observable in the centre of the section. 
These are due to insufficient soaking in the furnace. Large, coarse crystals on 
the outside surface generally denote overheating, particularly in the case of 
stampings. 

A good carbon case-hardening steel wiU ^ve a dark grey fibrous core with 
a characteristic pulling ” fracture and a very light grey, compact case, both 
being free from a crystalline appearance. The fracture should show short, 
silky fibres, not long, coarse, stringy ones. The latter are generally due to the 
presence of slag in the steel and are often incorrectly taken as evidence of good 
quality. 

It is more difficult to get a good core and case with alloy steels, but it is 
quite possible to obtain a light grey fibrous core with an almost white case. 

It often occurs, however, t£it either core or case, or both, are slightly^ 
crystalline. 
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The, longitudinal fracture (i.e. along the direction of rolling) is very little 
guide in such instances, the cross section being much more reliable. 

There is nothing exact about the method, as the results cannot be expressed 
in figures, and differences of opinion are frequent. Its advantages are speed 
and cheapness. 

The time taken in making mechanical tests on the cores of case-hardened 
parts, where this is possible, and the expense of machining test pieces, gives 
the fracture test an important advantage over all other tests. 

In the case of heat-treated parts which are not carburised, the fracture 
test is still useful, as it gives a very good indication of the success or other- 
wise of the treatment, but it is usual in such cases to check the actual 
articles by a Brinell test. There is probably no better method than this of 
checking oil-hardened gears, and it has the additional merits of being speedy 
and easy to apply. In such instances, the test must be taken on some part 
of the surface from which the scale has been ground or othenvise removed, 
leaving a clean, flat surface. Otherwise incorrect results are likely to be 
obtained. 

Case-hardened parts are generally tested for hardness by means of the file, 
or scleroscope, after grinding, and in some cases before that operation. 

In thin sections, where it is important that the core should be flexible 
and free from carbon, a bend test is often very useful. This can easily be 
applied by clamping the article in a vice and striking with an ordinary hand 
hammer. If the work breaks off short, instead of bending over, it may denote 
that the wrong steel has been used, or else that the carbon has penetrated into 
the core, making the article useless. 

When case-hardening steels have become mixed in the stores, or have been 
Avrongly marked, the case may be ground away from some part of the finished 
articles, and a Brmell test taken on the core. This will often indicate which 
articles have received the wrong treatment, and will enable them to be 
sorted out. 

In judging the cross section, it is often found that the crushed ” part of 
the section has a very crystalline appearance. This should be viewed with 
caution, as it is often due to the method of breaking. This can be proved by 
breaking the specimen again in the opposite direction, when the crystalline 
patch will be found on the opposite side of the section. 

Case-hardening Troubles- — ^Difficulties are experienced both in the 
operation of case-hardening and in the inspection of case-hardened work, and 
a few of these will now be considered. (See also ‘^Case-Hardening Steels,” 
Chapter XIII.) 

It is frequently found that the depth of case shown by the test piece does 
not agree with that found in the actual work. This can only be checked by 
the systematic examination and fracture of the finished work. 

To avoid scrapping useful work, articles scrapped by machining or other 
processes after case-hardening should be used for this purpose. There are 
several reasons which may account for such differences, viz. — 

Variation in the carburising compound, or the use of old compound. Bad 
packing in carburising box. Variation in temperature of furnace. Too many 
articles m carburising box. The depth of case indicated by the fracture is 
occasionally doubtful or misleading, and further evidence must then be ob- 
tained. A convenient method is to grind off a portion of the surface, and 
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etch the ground part with picric acid solution. Dilute nitric acid is much 
quicker in action, but is usually not so reliable as the slower reagent. 

When case-hardened gears are in question, it is advisable to grind the end 
off one of the teeth, so that the etched part shows the section of the tooth. 
This win give a correct idea of the relative proportions of core and case. 

Articles that are rejected because the case is too thin, may be recarburised 
and submitted again for examination. Such parts must be veiy carefully 
watched, as the carbon must not be allowed to penetrate into surfaces required 
to be soft. This is avoided in the first treatment by machining the carbon 
away from such surfaces, but obviously this cannot be done again, as the 
part would then be below the required dimensions. 

Surfaces requked to be soft after re-carburising are therefore protected 
in some way , either by painting, claying up, or copper plating. 

In spite of these precautions, carbon often penetrates such surfaces. Paint 
is seldom efficacious when long periods of carburisation are required. Clay^s 
apt to crack on heating and allows the carburising gases to penetrate the 
metal. Copper plating is sometimes spongy, and often fails to adhere properly 
to the metal. In the latter case, the superior expansion of copper causes a 
space to be left between the copper and the steel, and allows the carburising 
gases to enter. 

Recarburising and retreating, particularly in the case of long hollow work, 
such as aero-engine camshafts, is apt to produce considerable distortion, often 
scrapping the work in this way. It also adds considerably to the cost of the 
job, and should therefore be avoided as far as possible. 

Hardening shops that have been ‘‘pulled up ” several times for faults 
due to thin case are* apt to proceed to the opposite extreme, and carburise 
too deeply. This is very objectionable for several reasons. The excessive 
thickness of case reduces the amount of soft core, and in thin articles such as 
hollow shafts or wheel teeth, this may be fatal, as the strength of the part 
is mainly derived from the core. A thick case also makes it much more difficult 
to straighten or remove distortion from the case-hardened object, and cracks 
are very liable to develop in the straightening operation. A further objection 
is the development of a coarsely crystalline layer on the outer edges of the case. 
The cause of this is discussed in Chapter XIII. 

Case-hardened gears subjected to heavy loads and high speeds are liable 
to “ pit ” and crack when running at full load. The cause of this is often 
thin case on the teeth, but this is sometimes assisted by bad bedding. If the 
teeth of the opposing gears are only in contact over one-half or one-third of 
their length, the case is crushed and overcome piecemeal, and is unable to stand 
up to the required load. 

Cracks are also liable to occur on case-hardened surfaces after grinding. 
This trouble is very often caused by machining and grinding operations, and is 
fully discussed in Chapter XIII. 

When quantities of small articles have to be heat treated, an occasional 
cause of trouble is the presence of cool areas in the furnaces. This is either 
due to the design of the furnace, or to bad working. Eor instance, in one 
case of this kind it was found that a gas-fired furnace was regulated by shutting 
off some of the burners altogether, instead of by reducing all burners equally. 
The presence of such areas can generally be detected by looking into the furnace 
when heated. They will appear dark in comparison with the"other parts. 
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A frequent diflficulty with case-hardened details is the presence, before 
grinding, of comparatively soft patches on an otherwise hard surface. This 
is caused either by bad quenching or by uncarburised or decarburised areas. 
In the former case, the trouble can be remedied by another quenching. A 
fracture test will assist materially in ascertaining the cause of the softness. 

Care should be taken in testing the hardness of case-hardened surfaces that 
the actual hardness of the job is observed. In some instances, the surface 
is covered with a hard scale, which must be removed by filing, or preferably 
by sandblasting, before testing. Also it sometimes happens that a slight 
amount of surface decarburisation takes place, causing a soft surface, which 
can be filed or ground away. Below this, the surface is found to be quite 
hard and suitable for use, but if mere surface indications were accepted, the 
work would be sent back as ‘‘ too soft.’’ 

When work has to be case-hardened and ground, there is a great temptation 
for workmen on first operations to leave the surface very roughly machined. 
This is often detrimental to the hardness of the surface, as grinding has to be 
continued until the machining marks are removed, and if these are very deep, 
a good deal of the case is ground away. The cost of grinding also becomes 
excessive, so that a fairly smooth surface should be encouraged on all work 
sent for carburising. 

The presence of surface flaws or seams in the steel is detrimental in case- 
hardened work, as the continuity of the case is thereby destroyed and a 
potential cause of trouble set up. 

The machining of objects after carburisation, and before quenchiug, is 
sometimes made very difficult, and occasionally impossible, by opening the 
carburising box too early. This cools the surface at too rapid a rate and 
causes it to harden. When this happens, it is impossible to machine off the 
surface material before quenching, and as this is frequently in such a position 
that it is difficult to grind off, the parts in question sometimes have to be 
scrapped. The carburised parts, in such instances, should always be allowed 
to remain in the box until cold. 

It is advisable to make this a regular procedure. 

Defects in Stampings or Drop Forgings.— The usual defects 
observed in stampings are due to working too hot, too cold, with imperfect 
dies, or with poor clipping tools. 

The most troublesome item in this list is overheating. The effects of this, 
if not too pronounced, may be removed in a mild steel stamping by putting 
more work on the article, but in an alloy steel, such as a nickel chrome steel, 
this cannot often be done. The greatest precautions must therefore be taken 
to detect aU cases of overheating, and to reject such stampings before any 
machining work is done upon them. In some works, the extreme step is taken 
of putting a special inspector in the stamp shop, to watch for cases of over- 
heating and to stamp with a special mark all doubtful forgings, so that 
these may be specially viewed when cold. 

It should be remembered that when a stamper is paid piece-work prices, 
it is to his advantage to use high temperatures, so that the stampings wfll be 
made quickly and easily. Stampings rejected for overheating, or other defects 
due to the stamper, are not paid for. 

Cold stamping is deleterious in putting undue stresses on the stamping, 
and wearing out the dies. Frequently, also, the material fails to fill the dies, 
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and the stamping is faulty in shape and dimensions. Splitting of stampings 
^ ®^9iSetimes due to cold clipping. If the flash which is formed round the 



Fig. 199. — Stampings split by Cold Clii^ping. 

stamping is clipped off when the stamping is cold, there is sometimes a 
tendency for the metal to tear into two parts, and the division is marked by 
a longitudinal crack or cracks (Fig. 199). 



Fig. 200. — Flash clipped from Stamping, showing Normal and Excessive Amoimts of 

Material. 

This has happened on^many occasions in the clipping of valve stampings. 
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Cold clipping is done because it saves time to make all the stampings in rapid 
succession, and then clip the flash off each one afterwards. 

Gaps are sometimes caused in the sides of hollow stampings, by the excessive 
use of oil on the dies, particularly during the last few blows, which should be 
made \vithout oil. 

The form and appearance of the “ flash ” often give useful indications 
of imperfections likely to be found in the stampings. The flash should be thin 
and of fairly uniform width round the stamping (see Fig. 200). Overheating 
during manutacture is shown by the appearance of the flash (Fig. 201), but 



Fig. 201. — Flash of Stamping showing Signs of Overheating. 

this does not invariably mean that the stamping is useless. The overheating 
may be confined to the extreme end of the bar or billet, particularly when 
this has been forged down for making a previous stamping from the same bar. 
In this case the flash will show signs of overheating, but this may not extend 
as far as the stamping itself. If this is observed, the inspector may mark 
the stamping as “ suspect ” while it is still hot, for a further examination 
to be made when cold. 

With some forms of stamping, the “ fin ’’ formed in roughing down may 
become flattened down on the surface of the stamping, and in the finished 
article this “ overlap ’’ will show up as a longitudinal seam. 
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“ Offset forgings are caused by the upper and lower dies working out 
of line with each other, often after a number of correct stampings have been 
made. This can only be remedied by continual supervision in the stamp shop. 

The steel used for making stampings must be carefully inspected for mechani- 
cal faults or flaws. It is not unusual for flaws to be found extending down 
the centre of the billets. This is caused by ‘‘ piping ’’ in the ingot, and can 
only be remedied by cutting more off the top of the ingot before rolling. Any 
steel showing this defect must be rejected for stamping purposes. 

A more insidious trouble, and one not easily discovered in the billet, is the 
presence of minute hair cracks on the surface. These cracks are frequently 
only about | to deep, and extend along the billet in the direction of 

rolling. 

When billets of this kind are stamped, the cracks often open out, producing 
large flaws that are fatal to the appearance and usefulness of the stamping. 

These cracks are particularly prevalent and dangerous in alloy steels, 
and the best way of preventing their occurrence is to rough turn the ingots 
before rolling. 

Ragged ends on a stamping billet are occasionally responsible for the appear- 
ance of flaws in a stamping, as they cause overlaps. Large billets should 
therefore have the rough ends cut off before being issued to the stamp shop. 

The operation of cutting up billets of large section into smaller pieces for 
making stampings should be carefully performed, as, if the pieces are cut 
off too long, the excess material is liable to split the dies when stamping. If 
the pieces are shorter than they should be, the metal will fail to fill the dies, 
and the stamping will be defective. 

Failures of stampings after heat treatment are often due to insufficient care 
during the cooling stage. The stampings, especially when made in alloy steels 
should be placed on ashes and shielded from draught. This helps to maintain 
uniformity in the condition of the stampings sent for heat treatment, and 
solves many troubles that have been ascribed erroneously to the heat treat- 
ment itself. Cases of cracking after heat treatment are also recorded as stamp- 
ing defects, but in hard alloy steels this is often due to rough machining before 
heat treatment. In such cases, the stamping should be fairiy smoothly finished 
before heat treatment, and internal radii made as large as possible. Sharp 
comers must be avoided at aU costs 

Superficial defects in stampings and forgings are very difficult to detect 
unless the scale is properly cleaned off the surface before examination. It 
is advisable, therefore, that aU stampings should be sandblasted or pickled 
before inspection, so that any surface defect will then be observed quickly 
and easily. 

Defects in Castings. — The material troubles experienced in dealing with 
castings are of a well-known nature, but a brief reference to some of them may 
be useful at this stage. 

The most prevalent defects are due to blowholes. These, if smaU in size 
and not too numerous, may be accepted for most classes of work, but where 
they are large or close together, and particularly when accompanied by spongy 
places, the castings must be rejected. Li many instances, the external appear^ 
ance of the casting is quite good, and the blowholes are only revealed during 
the process of machining. 

Blowholes existing below the machined surface of a casting cannot be 
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detected by superficial examination, but this defect, together with porosity 
and spongy places, can be discovered by subjecting the casting, whenever 
possible, to a water or air test. 

This consists of plugging up all the openings in the casting, and pumping 
in water until a certain test pressure is reached, when defective spots will be 
indicated by the water oozing through the metal. The test pressure adopted 
will depend upon the material of which the casting is made, and the purpose 
for which it is to be used. With aluminium and iron castings, hot water 
is often foimd to reveal defects more readily than cold water. A more severe 
test is to pump air into the casting, and either submerge it in water, dr brush 
the surface over with a solution of soap and water. The presence of bad 
spots is immediately shown by the bubbles formed on the surface of the casting. 
In complicated castings a good deal of trouble is often caused by distortion 
due to the design of the casting or to uneven cooling in the mould. Distortion 
is very common in malleable iron and steel castings, and is due to the prolonged 
annealing process in such cases. 

It may be so pronounced as to prevent some of the surfaces from cleaning 
up when machin^, and to make the casting useless. 

It is advantageous, in such instances, to mark out all important surfaces 
before allowing the castings to proceed to the machine shop, as, otherwise, 
the defect may not be discovered until some expensive machining processes 
have been performed. 

Judicious marking out frequently enables distorted castings to be saved by 
suitably manipulating the earlier machining processes to permit the faulty 
surfaces to be machined. 

The cooling of complicated castings also introduces the question of cooling 
stresses. Parts of large section cool veiy much slower than thin walls or ribs, 
so that if two thick parts of a casting are connected by a thin wall, or section, 
the latter will be rigidly set before the builder parts have solidified. The 
subsequent contraction of these will set up stresses in the thinner parts, and 
may cause them to crack. 

If no crack occurs, the existing cooling stress, combined with the externally 
applied stresses when the casting is actually in use, may exceed the elastic limit 
of the material and cause it to give way. This can only be remedied by simpler 
designs, and by making the metal in each casting as uniform in section as 
possible. 

The temperature of pouring also has a great effect on the structure of 
materials, particularly in the case of alloys. This point is discussed in greater 
detail in the foregoing pages. 

Motor cylinders made of aluminium alloys are generally lined with steel. 
To do this, it is necessary to heat the cylinder and expand the bore sufliciently 
to slip the liner into position so that, as the cylinder cools, the liner will be 
gripped due to the shruikage. When this is done, care must be taken to allow 
for shrinkage to be as little as possible, consistent with the proper support of • 
the finer. 

If the shrinkage allowance is excessive, the walls of the cylinder may be 
so highly stressed that cracking will result, particularly as these alloys have 
low tensile strengths. 

Displaced cores, resulting in local thinness of castings, are responsible for 
some difficulties. Occasionally this displacement is so great that the wall 
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of a casting is reduced to a mere shell, and drilled holes surrounding a cored 
hole may run into the edge of the flange. 

Spongy places in castings, if not too bad, can be remedied by rusting or 
‘‘ doping.” The former process is used in iron castings which leak slightly 
on water test. 

These, after rusting up with sal-ammoniac, or after exposure for some 
time to weather, will frequently sustain the hydraulic test without leakage, 
owing to the pores being filled up with rust. Castings so treated, however, 
frequently leak after machining. Porous aluminium castings can be stopped 
from leaking by “ doping ” with “ water glass,” w^hich consists of a solution of 
commercial sodium silicate in hot water. This is applied under pressure at 
a temperature of 40 — 60° C. 

The pressure must be maintained until leakage ceases ; the casting is then 
washed in hot w ater, and dried. 

If the casting has been completely machined before this treatment is applied, 
it may be sufficient merely to. immerse the casting in the hot solution. If 
the machining allow^ance on the casting is large, it should be treated after 
machining. 

The repairing of costly and complicated castings by w elding and burning 
has now almost assumed the proportions of a separate industry, but some 
firms deal with their own castings in this w ay. Cast-iron can readily be repaired 
by wielding, but aluminium and its alloys are difficult to weld and are generally 
tmreliable in this respect. 

It is found that, even though a good weld may be made, the heating up 
of the surrounding portions of the casting very often causes stresses and cracks 
to be set up, and these show up when the machine or engine is put to work, 
and cause much expense, delay and inconvenience. The welding of expensive 
aluminium castings is not a matter to be lightly undertaken, as it is a difficult 
matter to detect bad work or imperfect welds, and the risk of setting up cracks 
in the castings at a later date is very great. (See also Chapter XIX.) 

Where surface blowholes cause leakage on joint faces, it is often possible 
to save the casting by filling these up with a soft solder, as these blowholes 
do not greatly affect the strength of the casting. It should be ascertained, 
before doing so, that the blowhole does not extend to a long distance below 
the surface, and does not communicate with other holes, or porous metal. 
This can be ascertained by probing, and tapping with a small centre punch. 

Machining troubles are sometimes experienced in iron castings, on account 
of hard spots due to segregation or local chiUing. Li malleable iron such hard 
spots are frequently due to insufficient annealing. These can often be machined 
by the use of a different tool or by allowing more time for the job. When the 
operator is working on piece-work prices, and meets with difficulties of this 
nature, he is apt to reject castings unnecessarily. 

Pickling and sandblasting is also advisable, in the case of castings, to reveal 
defects before proceeding with machining. 

Forgings. — Many of the points dealt with under “ Stampings ” also 
apply to forgings, but there are troubles peculiar to forgings that will now 
be described. 

Long cylindrical forgings, such as shells or cylinders, are usually made by 
heati^ the billets to a “ bright red heat,” and pressing to the required shape 
and size in a hydraulic press. If the billet is not sufficiently heated, the punch 
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is sometimes deflected to one side, or bent, in which case an eccentric and 
unusable forging will result. 

When the punch is not pressed sufficiently far down the billet, the forging 
is generally pierced again. 

Re-pierced forgings are apt to have false bottoms in the bore due to dirt 
being forced in front of the punch on its downward stroke. This is difficult 
to detect until the machining operation, when it is found in boring. 

Cylindrical forgings formed by hammering down larger sections with many 
light blows (“ rolling ”) are apt to work hollow. If the centre of the forging 
is subsequently removed by machining, this is not a fatal defect, but in the case 
of solid forgings, it is an important tendency and must be looked for. 

General. — The inspection of materials is an operation which calls for 
great care and discrimination, together with unceasing vigilance. 

Dimensional defects can generally be located and dealt with effectively, 
as they appear on the surface, but in material inspection the troubles mostly 
lie beneath the surface. Most of the work must therefore be passed on the 
evidence of fractured samjDles or upon superficial examination. 

This is necessarily incomplete, but as the work cannot be scrapped for the 
purpose of pro\dding evidence, considerable risk has to be taken in passing 
material for engineering work. 

The general tendency among operatives is to ascribe to defective materials 
all troubles that they cannot understand. 

This the materials inspector must be prepared to meet, and as the onus 
of proof is generally placed upon him the task is no light one. 

ti addition to this, he will find that, if not continually kept up to a proper 
standard, both suppliers and ^workmen will constantly slip back into poor 
quality and slipshod methods, and the only w'ay by which this can be prevented, 
is ceaseless watching combined with the systematic examination of all materials 
entering and leaving the w^orks, and also at aU stages during its progress through 
the w orks. 

Test Pieces for Forgings, Stampings and Castings. — The provision 
of test pieces with forgings or stampings presents some difficulty, as the condition 
of the material in the test piece must accurately represent that in the forging, 
otherwise the results will be useless. When small stampings are heat treated 
in batches, the best arrangement is to cut up for test one of the stampings 
in each batch. If the stampings have only to be normalised, a fracture test 
is all that is necessary, the fractured stamping being brinelled to ascertain 
its uniformity in hardness Avith the rest of the batch. 

Large and important stampings or forgings have a test piece forged Avith 
each article. The position of such a test piece must be very carefully chosen, 
so that the w^ork done upon it in forging is similar to that put upon the other 
parts of the article. It is also important that the direction of the grain is 
along and not across the test piece,* as otherwise incorrect test figures Avill 
be obtained. The direction of flow in Awious parts of a forging or stamping 
may be seen by cutting sections of the forging and taking sulphur prints on 
the cut surface. 

If the stampings are too small to be cut up into test pieces, the test piece 

* In some instances, however, it may be important to take special tests across the 
grain. 
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must be taken from a part of the bar which has been subjected to the maximum 
forging temperature, and it must then be heat treated with the stampings. 
The Brinell hardness of the test piece must then be similar to that of the 
stampings treated in the same batch. 

In most cases, with reasonably careful heat treatment, the diameters of 
the Brinell impressions will not vary more than 0*2 to 0*3 mm. in the same 
batch. When a test piece has to be heat treated, it should be of nearly the 
same dimensions as the stampings or forgings, as, if smaller, it cools more 
rapidly, and if larger, more slowly, than the forgings and so gives incorrect 
results. For this reason, also, it is advisable to use actual forgings (scrap, 
if possible) for test purposes. 

The position and size of test pieces in castings are also a matter of importance. 
The position must be carefully chosen, so that the metal may be representative 
of that in the casting, and the thickness should be as nearly as possible equal 
to that of the casting itself, so that differences due to cooling in the mould 
wiU not arise. The test piece should be run with, and attached to, the casting, 
as, if this is not done, there is a possibility of the test piece being of different 
material to that in the castings. 

It is better to have no test piece at aU than to have one that gives false 
or misleading results. 
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NON-METALLIC MATERIALS 

Timber 

Inspection. — ^The testing and inspection of the different varieties of timber 
is a considerably more difficult matter than is the testing and inspection of 
metallic parts, as in the former case the material is not homogeneous, and 
therefore the results obtained on any sample tested to destruction are not 
necessarily representative of the mass. Strictly speaking, timber is not a 
material, but is a structure or series of structures. 

In timber, also, the effects of time, atmospheric temperature, and moisture 
are very considerable, whereas metallic bodies are not influenced by these 
conditions to any marked degree, except in the case of corrosion. 

The extended use of timber in the construction of aeroplanes has had an 
enormous influence on the economical use and scientific study of timber. Where 
weight has to be cut down to the finest possible limit in a material of notorious 
unreliability (as compared with metals), it naturally follows that extraordinary 
precautions must be taken to eliminate as many doubtful factors as possible. 

The first stage in the inspection of timber is the identification of the con- 
signment with the class of wood ordered, and a superficial examination to 
ascertain its freedom from defects. For the former purpose, an examination 
by low-power microscope is necessary, but as facility in the identification 
of different kinds of timber is entirely a matter of practice and experience, 
it is impossible to deal satisfactorily with that phase of the subject in this 
book. The reader is therefore referred to the various standard works on the 
subject of timber, and to a paper read by Mr. W. H. Barling before the Royal 
Aeronautical Society in 1918, from which many useful hints may be gleaned.* 

The defects to be looked for are compression shakes, dote, deleterious 
knots, dead wood, grub holes, and resin pockets. Beech, birch, maple, etc., 
are also subject to troubles known as “ pith flecks,” which are httle black 
defects caused by insects. In addition to freedom from these defects the timber 
must be clean, straight grained, and cut parallel to the grain. 

The latter property is investigated by making a splitting test. 

Short samples about 6 inches long are split in two directions, approximately 
at right angles to each other. In this way the true direction of the grain 
win be obtained, and the maximum inclination of grain to length shoidd not 
exceed the following values ; — 

Walnut . . . . . . . . 1 in 12 

Ash 1 ,, 10 

Spruce . . . . . . . . 1 „ 20 

* Further information on the structure and properties of American timbers may also 
be obtained from “ Materials of Construction,” by A. P. Mills (Wiley & Co.). 
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If the grain is not straight, there is a possibility of a beam breaking under 
a load considerably less than the estimated strength, due to shearing on the 
tension side of the beam. 

Moisture. — The effect of seasoning on the strength, reliability, and freedom 
from warping of timber, has long been known. Wertheim discovered, about 
80 years ago, that the density and maximum elongation of timber diminished 
with its d^ness, and that the modulus and tensile strength of the timber in- 
creased. If the moisture is reduced to 10 per cent., however, tlie timber tends 
to become brittle, and a further desiccation causes a diminution of strength. 

The following figures give a rough idea of the increase in tensile strength 
of various timbers after proper seasoning : — 

Ash . . . . 45 per cent. Oak . . . . 20 per cent. 

Beech . . 62 ,, White Pine . . 9 ,, 

Elm . . . . 12 ,, 

The seasoning and drying of aeroplane timbers are therefore a very important 
matter. The standard amount of moisture at which weights of timber are 
recorded is 15 per cent., but the percentage allowable varies with the season. 

In walnut and ash, for the months April to October, the allowable per- 
centage of moisture is 2 per cent, higher than for the months October to 
April, but in each case the average is 15 to 16 per cent. The f)ercentage of 
moisture is calculated on the weight of the dried sample.'*^ 

For silver sj)ruce and similar timbers the specified compression strengtLs 
are reduced by about 230 lbs. per square inch for every 1 per cent, of moisture 
above 15 per cent., and are increased by the same amount for moisture 
contents of less than 15 per cent. 

Rate of Growth. — The rate of growth and density of the timber will 
obviously have an influence on its strength and reliability, and therefore it is 
desirable that the number of annual rings per inch of cross section should not 
be less than a standard fixed for each kind of wood. 

In silver spruce and similar timbers the number of annual rings should 
be not less than 8 to 10 per inch, but in ash the number of rings should not 
exceed 16 per inch. The reason for this is that if ash is grovn very slov ly, 
there is a predominance of weak spring wood in the section, increasing from 
30 per cent, for 6 rings per inch, to 60 per cent, in the case of 20 rings per inch. 

The density of the timber is expressed in pounds per cubic foot at 15 per 
cent, moisture, and the following are the minima for aeroplane timbers : — 

Walnut . . . . . . 35 lbs. per cubic foot 

Ash 38 „ 

Silver Spruce , . . . 25 ,, „ ,, 

In the case of fir, pine, elm, ash, maple, sycamore, aspen, and alder, the 
mechanical properties of the timber increase steadily from the centre to the 
circumference of the tree. Therefore, in these timbers, wood showing annual 
rings with only a slight curvature is stronger, other things being equal. 

Compression Tests. — Before the war it was a common practice to test 
timber in compression in the form of large cubes, but with the use of timber 

* It is practically impossible to determine experimentally the true moisture content 
of a sample of timber, but wood is generally considered to be thoroughly dry when a thin 
cross-sectional disc ceases to lose weight when heated to a temperature of 100° C 
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in aeroplane construction, the available dimensions would iiot permit of 
large sections being tested. Also, the use of square sections is objectionable, 
as if the faces of the compressing j^latens, or the two ends of the specimen, are 
not exactly parallel, the specimen is liable to fail by local crushing at one of the 
corners, and to give incorrect results. 



Fig. 202. — Compression Test Piece for Aeroplane Timber. 


To avoid this, the form of specimen sho™ in Fig. 202 was adopted, the 
ends being covered by steel caps and the load applied through steel balls, 
which ensure an axial application and eliminate bending stresses as far as 
possible (Fig. 203), Single tests are not conclusive ; a series of tests should 





Fig. 203. — Method of Mounting Timber Compression Specimen. 


therefore be made and the average result taken. The load should be applied 
at) a xegulai rate between 3,000 and 0,000 lbs. per minute. Slow loading tends 
to give low results, and rapid loading high results. 

The compressive strength of ash is 5,600 lbs. per square inch at 13 per cent, 
moisture, and 4,400 lbs. per square inch at 17 per cent, moisture. 



454 


MATERIALS & DESIGN 

Silver spruce gives 4,000 to 5,000 lbs. per square inch. 

The test piece should always be cut with its axis parallel to the grain of 
the wood, and the ends should be squared up carefully before testing. 

Bending Tests. — Tensile tests on timber are very difficult to perform 
on account of the tendency of the ends of the specimen to crush or shear 
in the grips when pulled. A better method is to test a specimen of timber in 
bending as shown in Fig. 204. 



Fig. 204. — Tools for Testing Timber in Bending. 


E is the bending beam of an ordinary tensile testing machine, the specimen 
S being supported in a V block at C and on a plane surface at D. This enables 
the free end at D to move when the specimen is deflected. 

The load W is apjpUed in two halves at A and B respectively, the distances 
AC and BD being x in each case. 

The object of applying the load in this manner is to eliminate aU shearing 
stress in the middle of the beam AB. 



Fig. 205. — Apparatus for Indicating Deflections of Timber- bending Test Pieces. Left- 
hand dial reads by increments of 0*001 inch to a maximum of 0*5 inch. Right-hand 
dial reads by increments of 0*01 inch to a maximum of 2 inches. 

A length I is then marked off on AB, and the deflection d measured at the 
centre of this length. 

The load is applied by rollers at the neutral axis of the beam, and all crushing 
is eliminated by the provision of steel saddles in the manner shown in Pig. 204. 
The deflections are measured by a lever and dial indicator shown in Pig. 205, 
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If the loads and corresponding deflections are plotted, the resulting curve 
vviU be a straight line up to a certain point. From this curve, the modulus of 
elasticity of the timber may be calculated, thus : — 

W and d are the load and deflection for any point on the straight part of the 
curve, 

b = breadth of beam, 
h — depth of beam, 

E= modulus of elasticity of timber. 


Then 


“ 16^1 


and 

When the test is taken to destruction, the brittleness of the timber is 
indicated by the nature of the fracture. A. tough wood will give a long 
splintering fracture. 

f he usual size of specimens is 

40" X I" (wide) x2" (deep) 

For thin timber, a test taken by bending a lath J inch thick round a semi- 
circle 18 inches diameter is employed. The lath should show no signs of 
fracture under this treatment. 

This test is useful for ash. 

The deflections produced by loads on timber beams are generally composed 
of an elastic part which is practically proportional to the load, and a plastic 
part, which is measurable even in the case of small loads, and Avhich depends 
to a certain extent upon the time during which the load acts. 

Mr. W. H. Barling is of opinion that “ slow creep " will cause a wooden 
beam to give way, in time, under a constant load exceeding 60 per cent, of the 
breaking load. 

Impact Test. — ^An impact test for aeroplane timbers has also been 
adopted, and gives a useful indication of the brittleness of the timber tested. 
The form of the machine and nature of test are similar to the Izod test 
described in Chapter V, but the dimensions of the machine and test pieces 
are different, being as follows : — 


Weight of pendulum . . 

Radius of swing 

Striking distance above centre of notch 
Size of specimen 


20 lbs. 

24 inches 
2J „ 

inch square 


Both the V ” and the “ Copenhagen ” notches are used, the dimensions of 
the test pieces being shown in Fig. 206. 

The point where the knife-edge of the pendulum strikes the spechnen is 
protected by a steel clip which prevents local crushing of the timber when the 
blow is delivered. 

The various aeroplane timbers should have the following minimum impact 
strengths when tested under the above conditions : — 

Walnut .. .. .. .. 9 ft. -lbs. 

Ash 10 ft. -lbs. 

Spruce . . . . . . . . 4 to 8 ft. -lbs. 

Glued Joints. — ^In aeroplane and other light constructional work 
glued joints are now used to a considerable extent, and, notwithstanding the 
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apparently unsatisfactory nature of this class of joint, failures are by no means 
common. 

Probably the most satisfactory way of testing a glued joint is by means of 
the shear test. Two blocks of wood are each planed along one side, and the 
planed surfaces of a smaller block (about 2 inches cube) are glued to them as 
shown in Pig, 207. The load is then applied, gradually increasing in intensity, 
until the joint fails. Frequently it is found that the wood gives way before 
the glue. 



Fig. 206. — -Dimensions of Impact Test-piece for Timber. 


A good joint made in this manner supports from 3,000 to 7,000 lbs. before 
fracture. 

In preparing the specimens, the planed surfaces should be heated to about 
100® F. before the glue is applied, and then the test pieces should remain m 
the clamp for two days. The surplus glue round the joint should then be 
washed off before testing. 

Other tests, such as tensile and impact tests on glued joints, will readily 
suggest themselves, but these have not been used to a sufficiently large extent 
to give any correct idea of their relative values. 

Ply-wood.— One of the great disadvantages incurred in using timber. 
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especially in thin sections, is the fact that it is very weak in one direction, but 
the introduction of ply -wood enables thin sections of timber to be used with 
safety. 

Three-ply wood consists of two very thin layers of timber, between which 
a third layer is glued, the intermediate section having its grain at right angles 

Glued surface 2 ^2 



Fig. 207. — Shear Test on Glued Joint. 

to the other two. Eive-ply and other ply-woods are made by using more 
layers, using the grain at right angles (also other angles) in alternate sections. 
Thus a light but very strong structure is obtained, w^hich can be bent to shape 
and used without danger of cracking. 

A moisture test at 105° C. for 10 hours should not show more than 15 per 
cent, loss of weight. A ’shear test on the glued joints is made by cutting the 

y 0aw Cut. 



U- - - I ‘ (Saw Cut. 


Fig. 208. — Tensile Test on Three-ply Wood. 

section as shown in Fig. 208, and loading uniformly in a testing machine. 
The strength of the joints should not be less than 150 lbs. per sq. inch. 

The plies may also be tested for separation by immersing a piece 6 ins. x 6 ins. 
in water at 45° C. for 3 to 6 hours, after Avhich the plies should not show signs 
of separation at the edges. 
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For ply- woods not exceeding J inch in thickness a bending test is made on 
a specimen 12 ins. x 2 ins., the length running along the grain of the outer 
plies. This is bent round a circle 18 inches diameter and the wood must not 
show any signs of fracture, crack, or parting when so tested. 

Timber and Design. — ^An important point to note is that timber does 
not follow the law of Galileo, as its resistance to transverse strain does not 
vary inversely as the length ; it diminishes with much greater rapidity. 

Tests were made by Mr. B. E. Femow (U.S. Forestry Division) on large 
beams 12 ft. x6 ins. to 10 ins. and on smaller pieces 24 ins. x2 ins. x2 ins. 

He found that the large beams gave results less than hah of those expected 
from the tests made on the smaller pieces. 

It is therefore unsafe to base a design on any formula that does not take 
this fact into accoimt, and wherever possible, it is advisable to test the timber 
in the size and length actually used in the design. 

Physical Properties oi Timber. — ^The following table gives the 
average values of the various properties of timber, when dried at atmospheric 
temperature. If dried at a high temperature, the timber will gain weight 
owing to absorption of moisture. 

Individual results will vary from these figures to a considerable extent. 


Timber. 

Weight, 
lbs. per 
cu. ft. 

Ash 

450 

Alder 

34*6 

Bay 

510 

Beech 

48-5 

Birch 

39-2 

Box 

63*5 

Cedar (American) 

30*8 

Chestnut (Sweet) 

39*2 

Cypress . . 

40*2 

Deal (Christiania) 

— 

Elm 

43*5 

Hornbeam 

50*7 

Lance . . 

57*5 

Lignum Vitae . . 

.. ' 69-89 

Lime 

. . : 31*0 

Locust . . 

. . 1 45*0 

Mahogany 

.. i 43-69 

„ (Honduras) 

35*0 

Maple 

36*0 

Oak (American) 

53*0 

Oak (English) . . 

44*0 

Oak (African) . . 

. . : 60*0 

Pear . . ... . . 

. . 1 48*0 

Pine (Pitch) 

. . i 43 *0 

„ (Yellow) . . 

.. 1 28*8 

,, (American White) 

. . ; 30*0 

Poplar 

.. i 31*9 

Spruce (Norge) 

. . ! 32*0 

„ (Silver) 

.. ; 27*0 

Sycamore 

. . I 39*0 

Teak 

. . i 45*5 

Walnut 

41*0 

Willow 

. . I 35 0 


I 


Breaking 

Stress, 

lbs. per SQ. in. 

Young’s 

Modulus, 

lbs. 

i Torsion 
. modulus, 

1 lbs. 

, Shearing 

1 Stress, 
lbs. 

13,000 

1,600,000 

20,300 

600 

9,500 

— 

— 

— 

14,000 

— 

— 

— 

11,500 

1,350,000 

' 21,240 

— 

11,500 

1,300,000 

17,250 

700 

20,000 

1,856,000 

30,000 

— 

9,000 

486,000 

— 

400 

10,500 

1,140,000 

18,360 

— 

6,000 

— 

— 

— 

12,400 

— 

11,220 

— 

13,400 

700,000 

13,500 

800 

— 

— 

, 26,400 

— 

23,000 

— 

25,245 

— 

11,800 

; — 

— 

— 

11,000 ' 

I — 

18,300 

— 

20,500 

— 

— 

— 

21,000 

— ' 

— ! 

— 

12,000 

i 1,256,000 

— 

— 

10,500 

— 

— 

450 

11,500 

i 2,150,000) 

12,000 

900 

10,000 

1,451,000 [ 

to 

850 

14,500 

2,283,000) 

20,000 

— 

9,800 , 

— 

18,110 

— 

12,000 

1,255,000) 

10,500 

— 

8,000 

1,600,000 f 

to 

350 

11,800 

i 1,300,000 

14,700 

400 

10,200 

1 ' 

9,500 

— 

12,400 

i — 

— 

— 

8,000 

! 1,300,000 1 

— 

300 

13,000 

1 — 

22,900 

— 

14,000 i 

2,350,000 i 

16,800 

— 

7,800 


— 

— 

13,000 

1 1,400,000 

— 

— 
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Factors of Safety. — ^The factors of safety recommended by different 
authorities for use when designing timber structures vary considerably, and 
this variation is due to the prevaOing uncertainty as to the true values to be 
adopted for the strength of different kinds of timber. A further contributory 
cause is the variety of results that may be obtained on the same class of timber. 
For dead loads, the factors recommended range from 4 to 10, for live loads 5 to 
10, and for shocks about 15. 

Fabric 

The use of fabrics for the wings of aeroplanes and for the envelopes 
of airships, has made a close study of this class of material necessary to 
engineers. The first quality required in all fabrics used for this purpose is 
strength, combined with lightness, and therefore, after examiuhag the fabric 
for manufacturing faults, it is necessary to determine its weight. In the case 
of linen fabric, the weight must not exceed 4 ozs. per square yard. The 
strength of this fabric must be not less than 92 lbs. per inch width of warp, 
and 95 lbs. per inch width of weft. 

Cotton fabric is made in various weights and strengths, according to the 
table given below : — 


Weight of Scoured Cloth. 

Minimum Strength of Unwashed Cloth. 

Grms. per sq. metre. 

Ozs. per sq. yd. 

Kg. per metre width. 

Lbs. per inch width. 

130 

3*85 

1,250 

70-0 

110 

3*25 

1,100 

61*6 

90 

2-66 

900 

50*4 

80 

2-37 

800 

44*8 

80 

2*37 

900 

50*4 

65 

1-92 

650 

36*4 

45 

1*33 

510 

28-6 


The fabric is usually tested in the type of machine shown in Fig. 209. 
The specimens used in aero work are usually 7 inches long between the grips 
and 2 inches wide after trimming, or 20 cm. between grips (18 cm. measured 
length) and 5 cm. wide. The test pieces are trimmed to ensure the same 
number of threads being m each piece. 

The test piece is then gripped between the corrugated surfaces of the 
holders, and the load is applied at a constant rate by means of a stream of 
lead shot pouring from the top can into another can suspended from the free 
end of the steelyard. The latter is connected to the test piece by a series of 
levers and links and is kept in equilibrium by means of the handwheel (shown 
at the side of the machine) which moves the straining screw in an upward or 
downward direction as may be desired. If the fabric stretches rapidly, or 
shps, the steelyard falls, automatically deflecting the flow of shot into another 
can, which is mounted on the frame of the machine. When the stretch, or 
shp, has been taken up, the steelyard rises, and the shot flows again into the 
loading can. When the specimen breaks, the steelyard operates an automatic 
cut-off which stops the flow of shot. The can is then suspended from the 
other side of the steelyard and the equivalent weight of shot is obtained by 
weighing the shot by means of the proportional weights supplied. By rotating 
the top of the machine, the weighing apparatus may be converted from the 
compound to the siugle-lever type, giving greater sensitiveness and accuracy 
in the latter form. 
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The compound-lever system indicates ujd to 1.200 lbs., the total leverage 
being 50 to 1, so that 24 lbs. of shot are required for this capacity. The single- 
lever system indicates"up to 240 lbs. and has a leverage"of 10 to 1. 



Fig. 209. — Fabric Testing Machine. Capacity : Compound Lever, 1,200 lbs. ; Single 

Lever, 240 lbs. 

The maximum size of specimen that can be taken is 6| inches wide by 28 
inches stretched length, but this size is seldom needed for aero work, so that 
such machines are too large and imwieldy for this purpose. It is very con- 
venient, however, for use with canvas and other heavy fabrics. 
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A smaller machine, designed to take aero specimens, is shown in Fig. 210. 
This has specially designed corrugated grips operated by single handles for 
fricility in inserting specimens (Mg. 211). The lever system is single and 
reads up to 500 lbs. The cut off is electrically operated (Fig. 212) and only 
one swinging can is employed. The “ gate ” valve shown in Fig. 212 is for 
the purpose of regulatiug the supply of shot to the required rate of loading, 
and when the test is completed, the shot is weighed by the movable poise and 
hanging weights shown on the right-hand side of the steelyard. 



Fig. 210. — Fabric Testing Machine. Capacity 500 lbs. 

The loading is usually specified in lbs. per inch width per minute, and the 
standard loading for linen fabric is 150 lbs. per inch per minute, so that a 
2-inch specimen would be tested at 300 lbs. per minute. Cotton fabric is 
tested on the single-lever machine at 18 kg. (40 lbs.) per minute. 

Some specifications state that the specimen is to be soaked for two hours, 
and excess water removed before placing in the jaws of the machine. This is 
to avoid the effect of changes which occur from day to day in the condition 
of the test pieces and of the atmosphere. Generally, however, soaking for 
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16 minutes gives the same results as soaking for 2 hours viz. an mcrease o 
strength varying from 20 to 40 per cent, according to the of fabric, 
^rrow specimens show greater proportional strength than wider ones. 
Increasing the width of specimens to 2 and 3 inches gives results 4 per 
cent., and up to 13 per cent, less, respectively, than are obtamed on a 1-mch 
specimen. 



Fig. 211. — Special Handle-operated Grips for Fabric Testing Machine. 


The effect of length is comparatively small, a slight increase of strength 
for the shorter lengths being due to the fact that there is less liability of 
finding a weak place in a short length than there is in a longer one. 

The rate of loading, when increased from IfiO to 450 lbs. per minute, gives 
an increase in strength of about 6 per cent. 

Experiments made upon different samples of the same material, showed a 
variation of 7 to 10 per cent, for good quality fabric, and up to 20 per cent, for 
poor quality material. 
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The most prevalent cause of inaccuracy is a slight slip of the fabric iti one 
side of the grips, causing it to give way on the tight side by tearing. It is 
advisable, when fixing the specimen in the grips, to leave the latter slightly 
slack, and then to puU taut with the straining screw until the fabric begins to 



Fig. 212. — Electric Control Gear for Fabric Testing Machine, showing valve for 

regulating supply of shot. 


slip, after which the grips may be tightened up. In this way an even pull on 
the fabric will be ensured as far as possible. 

The “ Avery ” machines shown^above^all depend for their operation upon 
the rate of loading given by a flow of shot, but those of the Goodbrand 
type are operated by a constant speed of the straining screw, the load being 
measured by a pendulum, and indicated on a dial. The standard speed 
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(18 inches per minute) of this machine, as compared with a rate of loading of 
160 lbs. per inch per minute on the “ Avery ” machines, gives results 5 to 
9 per cent, higher than the latter. This is due to the fact that the load is 
applied at a"^ greater rate in the “ Goodbrand ’’ machine when run at the speed 
given above^than in the “ Avery ” machines. 

Users of fabric -testing machines should always be careful to see that the 
two grips are properly in alignment, a« any twist in the test piece will adversely 
affect the result. 

Balloon fabrics are also tested for resistance to bursting pressure. One 
method employed is to clamp the specimens between tno iron rings, and to 
employ air pressure direct from a bottle or from an air pump, the pressure being 
gradually increased in intensity until the fabric gives way. The limiting 
pressure is naturally dependent on the size of ring used. Gas tightness may be 
measured by a similar apparatus, measuring the quantity of gas which passes 
through the fabric disc under a given difference of pressuie. Thermal trans- 
parency may be measured by stretching samples of the material across an opaque 
cylindrical vessel, with the source of heat on one side and a thermo couple on 
the other. The amount of radiant heat passing through the fabric may be 
measured by means of the thermo couple. The source of heat, and the couple 
must be placed at the same distance on opposite sides of the fabric in each 
experiment.* 

Tyre fabrics are tested in tension in a similar manner to that already 
described for aeroplane fabrics, but these are much tougher and stronger, 
requiring the larger size of machine to break the samples. As these fabrics 
are coarser than those already described, samples of greater w idth than those 
used in aero w ork are advisable. 

A further important application of fabric is m connection wdth clutch and 
brake surfaces for motor vehicles. Bonded asbestos, as used in “ Ferodo 
and other fabrics, has a very high frictional resistance, and is capable of 
resisting the temperatures generated by friction. 

A series of tests on “ Ferodo ” gave the following results : — 


Tensile strength.! 

Elongation per cent, at 200, 400, 600 and 
800 iba. per in. width. 

Lbs. per sq. in. 

Ferodo bonded asbestos . . . . 4,058 

Ferodo fibre . . . . . . 4,039 

200 lbs. : 400 lbs. COO lbs. 
0-45 i 0-84 1-29 

0-44 i 1-05 1-08 

i 

800 lbs. 
i 1-81 

i 2-39 


At a pressure of 60 lbs. per square inch, and a speed of 1,000 feet per 
minute, Ferodo fibre absorbed 39,000 ft.-lbs. per square inch, and bonded 
asbestos absorbed 18,000 ft.-lbs. per square inch. 

Over a range of 20 to 176 lbs. per square inch, and speeds of 600 to 5,600 
feet per minute, it was found that the coefficient of friction was 0*30 to 0*32 
for Ferodo bonded asbestos. 

* Considerations of space make it impossible to enter fully into the description of 
airship and balloon fabrics, but interested readers are referred to a paper by Mr. J. W. W. 
Dyer, ‘ ‘ Airship F abrics ’ ’ [Aeronautical J oumal, J uly, 1921). In this paper the properties 
and testing of airship fabrics are fully dealt with. 
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The foUowing table gives the energy absorbed by dry and lubricated bonded 
asbestos under different conditions : — 


Pressure. 


Speed. 


lbs. per sq. in. 

600 ft. per min. 

2,900 ft. per min. 


142 

— 

133,000 ft. -lbs. 

^ Dry 

173 

34,000 ft.-lbs. 

— 

291 

14,000 ft.-lbs. 

92,000 ft.-lbs. 

j Lubricated 


The coefficient of friction of Ferodo fibre for pressures from 16 to 39 lbs. 
per square inch, and speeds from 600 to 5,500 feet per minute was 0*73 to 
0*56. 

The following table gives the energy absorbed by Ferodo fibre in the dry 
and lubricated states : — 


Pressure. 


Speed. 


lbs. per sq. in. 
27 
2 {) 

31) 

ICO 


600 ft. per min. 

12.000 ft. -lbs. 

10.000 ft.-lbs. 


2,900 ft. per min. 


72.000 ft.-lbs. 

70.000 ft.-lbs. 


5,500 ft. per min . 

80,000 ft.-lbs. ] 

— 1 i Dry 

j) ■ 

— j Lubricated 


The coefficient of static friction for bonded asbestos v-as 0*33 and for 
fibre 0*43. 

It was found that the best results were obtained when the fabric had worn 
to a black polished surface. The general effect of increase in temperature is 
to raise the coefficient of friction, and this also follows upon an increase of 
pressure and speed. 


Cement 

The testing of Portland cement does not strictly come within the scope of 
this work, but as mechanical engineers have frequently to deal with this 
material, a few notes on cement are included for the sake of completeness. 

Full instructions for examining and testing Portland cement will be found 
in the Engineering Standards Specification.* 

The qualities to be observed are fineness, specific gravity, tensile strength, 
setting time, and soundness. 

The cement is first passed through a sieve containing 76 meshes to. the 
inch, and the residue should be not more than 3 per cent, of the total weight. 
It is then passed through a 180-inesh sieve, and should not leave more than 
18 per cent, residue. The gauze generally used is made of copper, to avoid 
corrosion of the wire. 

The specific gravity of cement, when freshly burnt and ground, should be 
not less than 3*15, and when more than one month old, should be at least 3*10. 
This property is tested by means of a specific gravity bottle. 

* Engineering Standards Committee, 28, Victoria Street, London, S.W.l. For 
American practice see Specification issued by the American Society for Testing Materials, 
adopted August 16, 1909. 

2 H 
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The tensile strength of the cement, both neat and mixed with sand, is 
determined by means of the machine shown in Fig. 213. 

The cement is mixed with fresh water and placed in a briquette mould of 
standard form, so that the breaking section is one inch square. The briquette 
is so designed that it can easily be held in the jaws of the testing machine, 
without undue local crushing, and will align itself to some extent to prevent 
bending stresses while the test is in progress. The cement must be put into 
the mould, without ramming, and must be kept in a damp state for 24 hours. 



Fig. 213.— Cement Testing Machine, A, Vicat needle and mould ; B, Le Chatelier 
gauge ; C, briquette mould. Capacity : 1,200-1,500 lbs. 

It must then be kept in a bath of fresh water at about 60° F. until ready for 
testing. ^ 

The cement testing machine shown in Fig. 213 has specially shaped grips 
to take. the standard specimens, but the shoulders of the latter should be 
shghtly greased to allow the briquette to jiull easily into line, when the pre- 
Inninary tightening up is done. Care must also be taken, to see that the 
specimen is m the vertical position so that the load wiU be evenly distributed 
over the section. 

The load is applied by means of lead shot flowing from the can mounted 
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on top of the machine to another can suspended from the end of the steelyard. 
It is transmitted through levers to the specimen, the total capacity of the 
machine being 1,200 lbs. The standard rate of loading is 500 lbs. per minute, 
and the flow of shot is adjusted to this by means of a screw check in the auto- 
matic cut-off valve. The latter stops the flow of shot instantly when the 
specimen breaks. 

The breaking load is then measured by transferring the shot can to the 
other side of the steelyard, and using the latter as an ordinary weighing machine. 

The steelyard and special proportional weights are calibrated to indicate 
the brealdng strength of the cement in lbs. per square inch. Seven days 
after gauging, neat cement should give a tensile strength of not less than 
400 lbs. per square inch, but strengths considerably higher than this have 
been obtained. 

A mixture of 3 parts cement to 1 part Leighton Buzzard sand should give 
a strength of not less than 150 lbs. per square inch, 7 days after gauging. 

The following teste, made at various periods after gauging, show the increase 
of strength with age in the case of neat cement, and cement and sand mixtures. 


Neat Cement 


1 day. 

Av. 204 lbs. 

7 days. 
462 lbs. 

1 14 days. 

485 lbs. 

28 days. 

553 lbs. 

1 

6 months. 

754 lbs. 


Mixture of 

One Part Cement, 

Three Parts Sand 


7 days. 

14 days 

28 days 

1 . ! 

1 6 months 

_ 

Av. 116 lbs. 

125 lbs. 

163 lbs. 

268 lbs. 1 



Setting time is tested by means of the Vicat needle. This is a steel rod 
1 mm. square with a flat end, weighted to 300 grammes, and shding freely 
vertically. The cement is deemed to be set when the needle makes no per- 
ceptible impression on its surface, and the standard times of setting are as 
foUows : — 

Quick setting . . . . . . 10 to 30 minutes 

Medium . . . . . . 30 ,, 120 ,, 

Slow 120 „ 300 

Soundness is tested by putting the cement into a Le Chateher gauge. This 
is a circular mould, 30 mm. diameter, split at one side, and carrying two long 
gauge points. 

The two ends of these gauge points are 165 mm. from the centre of the 
mould, and the distance between them is measured after immersion in a bath 
of water at 60° for 24 hours, and again after boiling for 6 hours. 

The distance between the points must not have increased more than 
10 mm. after 24 hours’ aeration, or 5 mm. after 7 days’ aeration. 

Compression tests are generally made on cubes of about 3 inches square.* 
In this case care must be taken to bed the specimen truly on the compression 
platens, as otherwise the comers are apt to crush locaUy. The bedding is 
done by means of plaster of paris or other quick-setting material, and the load 

* Sometimes also on cylindrical specimens. 
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must then be applied slowly and evenly until crushing occurs. Cement and 
concrete usually fail by shearing at an angle of 45°, producing tw^o pyramids 
in the case of a cubical test piece, or two cones when a cylindrical test piece is 
used. 

It should be observed that both tensile and compression test results on 
cement are veiy variable, as they are affected by numerous details in the 
preparation and testing of the specimens, and also by variations in the raw 
materials.* Too much reliance should not, therefore, be placed upon the 
results of single and isolated tests, but w^herever possible a series of tests should 
be made. 

* A full discussion, with test results, on the influence of various factors on the tensile 
strength of cement and cement mixtures, will be found in “ Materials of Construction,” 
by A. P. Mills (Wiley & Co.), and other standard works. 
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EXAMPLES OP PEACTICAL APPLICATION 


Sheet Steel. — Sheet steel is now used to a large extent for making light 
pressings, which are subsequently welded or brazed together to form important 
sockets and junction pieces on aeroplanes. 

The sheets arrive at the works in bundles, and must be carefully inspected 
for visible defects such as scale, corrosion, blisters, or lamuiation before the 
physical tests are made. Variation in thickness must also be eliminated by 
gauging each sheet, as if sheets are above or below standard thickness they 
are likely to give trouble in the dies when being pressed into form. Limits are 
usually given in the specification. Tensile tests should be taken both in the 
direction of rolling and also crossways, and if these are satisfactory, a bend test 
should be made to reveal any brittleness or tendency to fracture. The close bend 
test is made by turning over a comer of the sheet, the radius of the inside of the 
bend being for mild steel sheets, and for alloy steel sheets (hardened and 
tempered). Here t = thickness of sheet. 

On mild steels, a reverse bend test is often made by taking a narrow strij) 
(say 1| inches wide) with smooth edges, and bending over a radius of 3^ through 
90 deg., and then backwards and fonvards through 180 deg. until the specimen 
shows signs of fracture. Mild steel sheets should stand 3 such reversals, but 
frequently 7, 10, and 15 are recorded before signs of cracking appear. It is 
necessary that the sides should be filed smooth before this test is taken, as cracks 
are liable to start from rough edges at a very early stage. A good deal of trouble 
has been experienced with brazed brackets owing to cracks which appear after 
liquid brazing. This was at first attributed to defects in the material, but 
it was subsequently found that they were due to insufficient care being taken 
in the brazing operation. The trouble was particularly marked on brackets 
where two flat surfaces were brazed together. In this work, care must be taken 
to keep the brazing bath at a reasonably low temperature, as otherwise the 
sheet is liable to be overheated. On the other hand, if the temperature is 
only just over the melting point of the brass, the bath will not be sufficiently 
fluid for the metal to fill the narrow space between the two surfaces. Cracks 
may also be caused by the edges of pressings not being properly dressed after 
shearing. 

Care must also be taken when spot welding brackets of this kind. If this 
is not done carefully, cracks are liable to appear owing to the expansion 
of the different plates comprising the bracket, when placed in the brazing 
bath. 
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All welding is risky on sheet steel pressings for aero work, as there is 
a great liability of burning the plate, and also of oxide being left in the 
track of the weld. Welds are frequently unsound, and there is no means of 
determining their soundness in practice. All welds should be normalised 
before use. 

Special sheet steels are made to resist the passage of a bullet. This 
is necessary for steel helmets, armoured car turrets, etc. Obviously, the 
only satisfactory test for these is a firing test from distances dependmg 
on the gauge of the steel. This may be supplemented in the case of thick 
steels by a Briuell test. This does not always indicate the resistance of the 
steel to the passage of a bullet, but shows whether or not the heat treatment 
has been properly performed. The Brinell impression on armoured car steel 
is usually about 2*8 mm. diameter with a load of 3,000 kg. A scratch harness 
test was tried on steel helmets, but gave no indication of the bullet resisting 
power of the helmets. 

When steels are used for press work, it is advisable to add a dishing 
test with a hemispherical or other tool to prove the drawing powers of the 
material. 

This property is indicated to some extent by the Erichsen test, which 
is applied by bulging out the centre of the flat sheet with a hemispherical tool, 
and measuring the height of bulge produced before fracture. The first appear- 
ance of a fracture is observed by means of a mirror placed at a convenient 
angle, and the height of bulge is measured by a micrometer attachment as the 
load is applied. 

When this test is applied, the appearance of the “ bulge ’’ often gives a 
valuable indication of defects in the material. 

If the domed surface does not retain an appearance similar to the original 
sheet, a rough surface indicates an open and coarse structure liable to give 
trouble in cirawing or pressing operations. This structure may be caused 
by excessive or incorrect anneahng. 

In copper or brass sheets the bulge may have a coarse-grained appearance. 
This, in copper, is often due to the influence of reducing gases in the furnace, 
and in brass to the efl’ect of too sharp pickhng. 

The formation and position of the fracture is also a useful guide in many 
cases. Fibrous sheets are indicated by the fact that the fractures in the 
different impressions all run in the same direction. In good homogeneous 
material (parucularly in copper and aluminium) the fracture generally runs 
round the bulge. 

A consignment of tinned sheet (20 gauge) gave trouble in the presses and 
was tested by the Erichsen test. This showed an average height of bulge 
of 6’3 millimetres in six tests. 

A sample was then taken from a consignment of sheet that had given 
satisfactory results in the presses, and this gave an average test of 8*99 milli- 
metres, showing that the drawing quality of this material was much better 
than that of the previous sample. 

Average values obtained on different samples of materials used in commercial 
practice were as follows : — 
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Material. 

Maker. 

. Gauge. 

Thickness. 

ins. 

Bulge (mm.). 

Average. 

Steel Sheet, ^ 

A 

22 

0029 

9*08- 9*48 

i 9*28 

Cold Rolled, 

B 

22 

0029 

7*0 - 8*38 

7*84 

Close Annealed \ 

B 

22 

0027 

7-2 •- 8*42 

7*90 

(C.R.C.A.), ( 

C 

22 

0027 

7*90- 8*70 

8*29 

for press work j 

B 

20 

0039 

8*35- 9*50 

9*0 

— 

B 

20 

0037 

7-85^ 9-70 

8*56 

— 

A 

20 

0034 

8*85- 0-25 

9*0 

• — 

D 

16 

0065 

8*45- 8-98 

8*66 

— 

D 


0067 

9 06-10-10 

9*48 

— 

E 

14 

0 089 

9*40-10*56 

]0*J6 

— 

E 

14 

0 090 

10*55^11*10. 

10*83 

— 

F 

16 

0057 

10 06-10*48 

10*27 

— 

G 

16 i 

0 069 

10*17-11*25 

10 74 

— 

H 

12 

0 100 

11*60-11*72 

11*68 

— 

K 

— 

0123 

6*92- 8*44 

7*67 

Brass . . 

— 

17 

0 050 1 

6*65- 6*85 

6*78 

Copper 

■ — 

20 

0037 1 

10-98-11-70 

11*33 

Aluminium . . 

; 

17 

0*050 1 

8*76- 8-90 

8-80 

Duralumin 

1 

16 

0*064 i 

6*86- 7-90 

7*42 

>> 

— 

22 

0*028 

7*20- 8*20 

7*67 

Aluminium . . 



16 

0*067 

9*1 -10*25 

9 83 

Copper 

— 

— 

0*011 

5*5 - 6*91 

6*30 


The following figures are given by the makers of the Erichsen testing machine 
as standards for trade qualities of sheet metal (soft), and are given as a general 
indication of the results that may be expected from these materials. 


Gauge 

Thickness (in.) 

16 

0*064 

17 

0*056 

18 ! 19 

0*048 0*040 

* 20 
0*036 

00 

(M O 

b 

24 

0*022 

26 

0*018 

28 

0*014 

30 

0*012 

Brass stamping sheets 

14*6 

U-5 

14*4 

: 14*25 

14**2 

14*0 

13*8 

13*6 

13*4 

13 2 

Yellow metal . . 

13*65 

13*4 

13*2 

1 12*9 

12*75 

1*2*45 

12*15 

11*9 

11*5 

11*3 

Copper 

12*6 

12*35 

12*1 

1 11*8 

11*65 

11*3 

10*95 

10*65 

10*35 

10*1 

Polished hoop iron . . 

12*1 

11*8 

11*4 

j 11*05 

10*85 

10*4 

10*0 

9*7 

9*3 

9*1 

S.M. iron draw sheets 

11*4 

11*0 

10*55 10*1 

; 9*8 

9*25 

; 8*8 

8*4 

8*0 

7*8 

Pickled stamping and fold- 
ing sheets . . 

Aluminium 

11*3 

10*85 

10*4 

! 9*9 

‘ 9*65 

9*1 

i 8*6 

8*2 ' 

7*8 

7*5 

11*1 

10*75 

10*35 i 10*0 

; 9*75 

9*4 

1 9*1 

8*85 ; 

8*5 

8*2 

Ordinary folding sheets and 
tinned sheets (1st class) .. 

10*9 

10*5 

10*0 

1 9*5 

! 

i 9*25 

8*7 I 

8*2 

7*8 i 

7*3 

7*0 

Tinned sheets (2nd class) 

— 

1 — 

— i 8*6 

i 8*3 

7*75 ; 

7*3 

6*95 

6*5 

6*3 

Zinc 

8*5 

8*45 

8*3 

1 8*1 

8*0 

7-6 1 

7*1 

6*75 

6*3 1 

6*0 


The manufacture of brackets and clips for aero work is apt to cause con- 
siderable cold work to be put on the steel, Avhen the parts are made by hand. 
If the angle of bend is carried a little too far, the material has to be bent back 
again, and this reverse bending causes local weakness in the material. To 
prevent this, high tensile steels should always be bent in a machine or jig, so 
that the required angle of bend cannot be exceeded. 

Tubes. — ^The great stiffness and rigidity of steel tubing in proportion to its 
weight makes it of great utility in aeronautical work and all other classes of 
engineering design where lightness is important. Special stream line sections 
are now being drawn for the purpose of reducing wind resistance to a minimum, 
and very thin sections are produced solely for aeroplane construction. As 
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these tubular members are subjected to suddenly applied stresses of unknown 
magnitude (particularly in the case of the landing gear), it is essential that all 
tubing received for aeronautical work shall be carefully inspected and tested 
before being allowed to proceed to the shops. 

The best plan is to put each consignment of steel tubing into a bonded store, 
and to keep it there as a separate batch until every tube has been carefully 
looked over by viewers skilled in this class of work, and until tests have been 
taken to ensure the material being up to the specified standard. 

The visible defects to be looked for are roughness, variable section, scale, 
dirt, specks, seams, lamination, grooves and blistering. The tubes should 
also be straight when received. 

The tubes may be examined easily and quickly for straightness by providing 
the tube viewer with a cast-iron table or plate, the upper surface of which has 
been planed flat. In rolling each tube across the surface for examination, any 
Idnk or curvature is immediately revealed. 

Round tubes can be made to an accuracy of 0*004 inch, and if such limits 
are called for, the viewer must be provided with a limit gauge set to the limits 
imposed. This is particularly necessaiy in some classes of work, where the 
tube has to fit inside a socket, or shde over a sleeve without undue clearance. 

It will frequently be found that the tubes are slightly oval, and in such 
cases, ^ acceptance or rejection is a matter for individual consideration. In 
some instances the bore is not concentric with the outside ; the wall varying in 
thickness. 

Another prevalent trouble is longitudinal seams in the tubes. These 
are detected by polishing up the end of each tube, when the seams will appear 
black. This should be done with discrimination, however, as draw marks 
from the dies often appear very much hke seams. In cases of doubt, a smal] 
pitpce should be cut ofl the end of the tube and examined under a low-pov er 
microscoj)e. The authors have in mind several instances where steel tubes 
have been refused by the shops as being welded, but microscopic examination 
showed no trace of a weld. 

When dispatched from the makers, the tubes should be coated with an oil 
free from acid, to prevent rusting or corrosion. With very thin sections the 
presence of rust seriously affects the strength of the tube. 

Carbon steel tubes are tested in tension (Fig. 214), but the more important 
tests are crushing and flattening. 

For the crushing test, a piece of the tube 1 J diameters long is taken and 
compressed in a- testing machine or press until the diameter has been increased 
by 25 per cent., or until one complete fold has been formed. Pieces of tube 
tested in this way are shown in Fig. 215. Any seams or flaws usually open 
out during this test. 

The ends of the tubes and other parts suspected of being defective, are 
flattened out with a few blows until the sides are not more than three thick- 
nesses apart. Seams or defects show up best when in the middle of the flat 
sides. This is contrary to what might be expected. Dead soft tubes must 
flatten completely without cracking. 

’^'Nickel chrome steel axles are tested bj^ a bending proof load applied bv 
a leye>..^ The load is applied in two parts, the first part being about 4 of the 
total load. After the proof load is removed the permanent set should be 
not more tnm inch. 
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Fio. 214. — Tensile Test on 3-inch Diameter Steel Tube. Breaking load 98'4 tons. 



Fia. 216. — Steel Tubes tested in Compression. 
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Aluminium, nickel brass, and phosphor bronze tubes must cnish to half 
the original length of the test pieces. No compression or flattening tests are 
usually made on duralumin. 

Brass, nickel brass, copper, and phosphor bronze tubes are tested by. 
drifting out the ends until the diameter is increased by 25 per cent. 

Copper and phosphor bronze tubes must flatten and double over without 
cracking, but nickel brass is only flattened until its diameter is reduced by 
33 per cent. 

Seamless copper tubes for oil, petrol, etc., are tested hydraulically to 100 
lbs. per square inch. If used for compressed air, oxygen, or interrupter gear, 
the test pressure is about 5,000 lbs. per square inch. When used for high 
pressures, it is important that copper tubing is not made from tubes used 
previously, that no copper is used without remelting, and that the ingot from 
which the tubes are drawn is clean and sound. 

Tubes made by the electro deposition process are unsuitable for this class 
of work. 

Very small tubes must be specially tested to prove that the bores are open 
along the entire length of the tubes, and are not blocked up in any way. 
This can be conveniently done by means of an air or steam jet. 

For water-tube boilers best quality steel tubing is used, as copper, 
although superior in heat conductivity and resistance to corrosion, is not so 
reliable and strong. Galvanising is useful for boilers liable to be out of use 
for long periods, but is of doubtful utility under any other conditions. 

It has the advantage, however, that the preliminary pickling reveals faults 
that otherwise might be overlooked. 

In the case of tubes or rods liable to season cracldng, the following test gives 
a quick method of determining the likelihood of such cracking taking place. 
A short length of the tube or rod is immersed in a 1 per cent, solution of mer- 
curous nitrate (in water), the specimen being previously pickled in nitric acid. 
If the specimen is susceptible to season cracking, cracks will then develop Avithin 
about 30 minutes. 

Toothed Gears. — In fast-running mechanisms such as motor cars or 
aeroplane engines, where weight must be cut doAvn to a minimum, considerable 
trouble is likely to be experienced with gear Avheels, unless these are very 
carefully designed and manufactured. 

The teeth of such wheels are generally designed for strength in bending, 
but they are also subjected to abrasion, shock, and bearing pressure. If the 
teeth on case-hardened gears are not properly bedded, the latter alone is 
sometimes sufficient to break down the case piecemeal, causing considerable 
pitting on the teeth and ultimate failure of the gear. 

In addition to this, the wheel centre is subjected to continual torsion 
hshear), and occasionally also to shock. The centre of the wheel, therefore, 
toould be comparatively soft, to store energy, while the outside surface of the 
weth must be as hard as possible to resist wear. 

^^his immediately raises the question whether case-hardening or alloy oil- 
haWening steels are best for geans of this description. The answer must 
ob'W^sly depend very largely upon the design of the gear and the work to be 
done/ii^case-hardening steels best meet the above conditions, as they give 
a hard s3S!fece and a soft core. 

Case-hara^mg, however, is usually a somewhat costly process, as, when 
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machining has to be done on the gear after hardening (and this is usually the 
case) extra machining operations must be put on to machine off the carbon 
from all parts required to be soft. Even then, many difficulties are frequently 
experienced with hard cores when high-tensile alloy case-hardening steels are 
used, or when meagre amounts of material are left on for removal between 
the operations of carburising and “ dipping off.” Although the case may 
have been machined off, there is a layer of material immediately below it that 
is considerably harder than the core proper, and unless this is also removed 
trouble will be experienced in the final machining. In work where the case 
is about 1 mm. thick, it is advisable to machine off about | inch or more to 
obtain a soft surface. 

Distortion can often be prevented to a large extent in case-hardened gears, 
by leaving the solid web or inside of the rim very thick, and turning off the 
extra material at a subsequent operation. 

There are also other troubles such as soft patches on the surface, case low 
in carbon (and therefore soft), surface decarburisation, and scale, to which 
oil-hardened gears are not liable. 

Both kinds of steel are subject to distortion in hardening, and in this 
respect oil-hardened gears ate better than case-hardened ones, as they are not 
so hable to crack in straightening. Also, if the case is ‘‘ sharp,’* it sometimes 
chips off the teeth when the gear is running, and if these hard chips get in the 
gears or bearings, they cause considerable trouble and loss. 

Silent running depends on the nature of the steel used, and in this respect 
oil-hardened gears are superior to case-hardened ones, as the former have the 
greater resihence. 

Noise is largely due to inequalities in the rolling surfaces, as in the case 
of a cart wheel rolling over a rough road. As the surface of a case-hardened 
gear is of a comparatively unyielding nature, the inequalities are not so elastic 
as they are in an oil-hardened gear. 

In the design of motor car gear boxes, case-hardened gears are preferable 
for wheels that are constantly in mesh, on account of their good wearing pro- 
perties. For ‘‘ clashing ” gears, however, that have to be moved into and out 
of mesh, oil-hardened gears should be employed, as the case is liable to be 
damaged when the teeth are being engaged. 

Generally, oil-hardened gears are preferred because of the cost of the case- 
hardening process. For small pinions in mesh with large gears, case-hardening 
steel is essential, on account of the large amount of wear that takes place on 
the small gear. 

Experience has shown that air-hardened gears (on aero engines) are liable 
to pitting and disintegration, and that case-hardened gears are more suitable 
under these special conditions.* 

Piston Rods. — ^The piston rods of steam hammers and other similar 
mechanisms are apt to break unexpectedly after a working life much shorter 
than that anticipated by tho makers. This cannot always be attributed to 
the steel of which the rod is made, as the working conditions in the case of 
steam hammers are very variable and the amount of shock which such rods 
have to stand is unknown. If the steel under the hammer is being worked at 

♦ The Use and Abuse of Steel,” by Bagnall-Wild and Birch, read before Institution 
of Automobile Engineers, March, 1917. 
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a high temperature, it is very plastic and deadens the shock considerably, 
whereas if it is nearly cold the effect on the rod is almost as bad as when striking 
a rigid object. When this is taken into consideration, it is obvious that the 
effective life of a piston rod cannot be stated as a certain number of blows, 
unless the conditions of such blows are accurately knovm. The plasticity of 
the hot steel and the truth of the blow are never constant, and therefore such a 
statement has no meaning in practice. Dr. Hatfield * recommends an alloy 
steel of 50 to 55 tons per square inch for this purpose, and such a steel, suitably 
heat treated, should give an Izod impact test of at least 45 to 50 ft. -lbs. Some 
users state that the life of piston rods in cold weather is prolonged by allowing 
a period of heating up before using when the hammer has been standing for a 
day or two. 

Pistons. — ^Engine pistons are usually made in one of three materials — 
cast-iron, steel, or aluminium alloy. Of these, the best for ruiming and 
wear is cast-iron, as the friction between the cylinder and piston is smaller, 
and seizure is less likely when the piston is made in this material. All pistons 
of small size were originally made in cast-iron, but with the advent of large 
cylinders a lighter and stronger material became necessary, and consequently 
steel pistons were adopted. The latter are still used to a very large extent in 
marine work and in large stationary engines. 

The increasing use of small, fast-running engines made the reduction of 
reciprocating weights necessary in the case of small pistons, and therefore 
aluminium alloys were largely adopted for aero-engine and automobile work. 
These are usually made in the form of die castings, and their superior heat- 
conductivity and lightness make them very suitable for this purj)ose. 

The tops of the pistons used in internal combustion engines are frequently 
exposed to very high temperatures (Dr. Hatfield f refers to the case of a 
picton whose head had been above the carbon change point — 730° C.), 
but such temperatures are of very short duration. High conductmty 
reduces the temperature fluctuations and hability of distortion, and in 
this respect the aluminium alloy piston has a great advantage. Its lightness 
also diminishes the inertia stresses, which are very serious in high-speed 
engines. 

The materials used in pistons are also referred to in Chapters XIV 
and XV. 

Valves for Internal Combustion Engines. — One of the principal 
causes of trouble in internal combustion engines is the failure of the valves. 
These failures are fuUy described in a paper read by Dr. Aitchison, J which may 
bo summarised briefly as follows : — 

The valves in petrol engines work at temperatures considerably above the 
normal. The temperature of inlet valves varies from about 100° C. to 600° C. 
and that of exhaust valves from about 250° 0. to 860° 0. These temperatures 
vary very considerably with different designs, as the cooling conditions are 
varied in each case. Rotary engines are usually the coolest and air-cooled 
stationary engines the hottest of the different types. 

Ti/r T. Mechanical Properties of Steel,” by W, H. Hatfield, D.Sc., Proc. Institute 
Mechanical Engineers, May, 1919. 

t ‘‘ Steels T^ed in Aero Work,” Royal Aeronautical Journal, September, 1917. 

. . Y failures and Valve Steels in Internal Combustion Engines,” by Leslie 
Aitcnison, H.Met., etc.. Institution of Automobile Engineers, November 5, 1919. 
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By far the greatest proportion of the heat is conducted av/ay from the 
head through the face of the valve, and any inaccuracy in the seating 
or distortion of the valve at high temperatures will greatly affect the 
temperature attained by the head of the valve and will be a contributary cause 
of failure. 

Types of failure may be classified as follows : — 

1. Elongation of stem of the valve. 

2. Distortion of valve head. 

3. Cracks in the valve face. 

4. Excessive wear of valve stem. 

5. Excessive wear of valve foot. 

6. Burning out of head. 

7. Scaling of valve. 

8. Breaking of head or neck due to self-hardening. 

Many of these may be avoided by suitable mechanical design, but the 
material used for rnakiug the valve has a very decided influence on its life 
under the strenuous conditions imposed upon internal combustion engine 
valves. 

As the weight must be reduced as much as possible, strength is an important 
item, and therefore such valves are usually made of alloy steel. 

The following is a list of the properties that should be possessed by a good 
valve steel : — 

1 The greatest possible strength at high temperatures. 

2. The greatest possible impact strength. 

3. The capacity of being forged easily. 

4. The capacity of being manufactured free from cracks, whether in the 

original bar or the finished forging. 

5. The capacity of being heat treated easily and uniformly. 

6. The least possible tendency to scale, or if scale does occur, it should 

be as adherent as possible. 

7. The ability of retaining its original physical properties after frequent 

heatings and coolings, also after being heated to an elevated temper- 
ature for a considerable length of time. 

8. No liability to harden after coohng in air from working temperature 

of valve. 

9. Capacity of being heat treated after forging so that it wfll be free 

from strains liable to produce subsequent (ifetortion. 

10. Sufficient hardness to withstand excessive wear in the stem. 

11. Capacity of being hardened at the foot of the stem with considerable 

ease (S necessaiy). 

12. Capacity of being machined easily after heat treatment. 

The steels that have been employed and are probably still used for these 
valves are divisible into the following classes : — 

1. Tungsten steels from 10 to 18 per cent, tungsten and 0*2 to 0*7 per 

cent, carbon. 

2. Chromium steels from 7 to 14 percent, chromium, and 0*25 to 1*0 per 

cent, carbon, with vaiying proportions of silicon, nickel, and 
cobalt. 

3. 25-per cent, nickel steel. 
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4. Steels with 3 to 5 per cent, nickel, 0 to V5 per cent, chromium, and 

0*15 to 0*65 per cent, carbon. 

5. Ordinary plain carbon steels. 

Steels of the same type have very similar properties, but the different 
types vary considerably from one another in the above properties. Variations 
in composition in any type, however, have a distinct effect on the mechanical 
properties at high temperatures. This is particularly true of the high tungsten 
and high chromium steels, which are very susceptible to variations in carbon 
content. 

Tungsten steels with high percentages of carbon (0*6 per cent.) have 
the greatest tensile strength at high temperatures, and are followed in 
this respect by the high chromium steels with high carbon content. 
Stainless steels (high chromium and low carbon) are distinctly weaker, and 
plain nickel and nickel chrome steels are quite weak at high temperatures. 
The influence of vanadium on tungsten steels appears to be negligible, and 
the inclusion of cobalt does not appear to influence the properties of valve 
steels. 

High chromium steels are best for non-scaling properties, and are followed in 
this respect by the stainless steels. Nickel chrome steels scale more than any 
others, and tungsten steels scale very httle up to 850*^ C., but are considerably 
worse beyond tlds temperature. 

The impact value roughly follows the tensile strength (inversely), high 
carbon steels being very much worse than low carbon steels in this respect. 
The impact value rises very considerably at high temperatures, as might be 
expected. Curves and tables giving the actual results obtained are included 
in the original paper. 

Laminated Springs. — With the increased use of heavy road vehicles, 
and the deterioration of the roads due to increased wear and lack of repair, 
the question of springing is becoming more and more important, and greater 
care is being taken in the manufacture and inspection of springs. 

Laminated springs, such as are used for vehicle and rolling stock suspen- 
sions, are generally made out of acid open-hearth steel containing 0*5 to 0*8 
per cent, carbon, but if the springs are so designed that the eyes have to be 
welded, the carbon should range from 0*45 to 0*7 per cent. 

As the greatest bending moment on a plate spring is at the centre, the 
method of fastening the leaves together is important. 

This is usually done by enveloping the leaves with a buckle and riveting 
through the centre. The holes though which the rivets have to pass are 
usually made by cold punching. It is probable that the internal stresses set 
up by this procedure are removed by the subsequent heat treatment, but in 
any case, these holes should be kept as small as possible, say inch less than 
the thickness of plate. 

Where the eye at the end of the top plate is wielded, the arrangement shown 
at A (Fig. 216) is better than that at B, as, in the former case, the back 
plate is supported up to the end by the second plate, and if it breaks the 
broken end would probably remain in place, being supported by the other 
plates. In the arrangement shown at B the load is carried by the weld, 
and the back plate cannot be supported up to the centre of the eye ; conse- 
quently there is a liability of the back plate takmg a reflex curvature, and 
giving way in course of time. 
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When hardened, the springs have a habihty to warp, and tliis tendency 
must be corrected by hand fitting. 

Laminated springs are usually tested under a steam scrag, which compresses 
the springs to a fixed deflection, removes the load, and repeats the operation 
in quick succession for a given number of times. 

After this repeated loading the camber must not be less than the amount 
specified for each spring. The scragging test is also made on the steel plate 
itself before being passed as suitable for making springs. The scragging test 
is best performed without the buckle, as otherwise there is sometimes a 
difficulty in detecting a fractured plate. 




In addition to the scragging test, a proportion of the springs is also tested 
in compression with a measured load. A machine for mal^g this test is 
shown in Fig. 217. The spring is placed with its two ends on the trolleys shown. 
These are mounted on wheels to allow the ends to move freely outwards when 
the load is applied by means of the screw gear shown. The latter is driven by 
belt or motor through a bevel or worm gearing and has adjustable stops, which 
switch off the drive when a given compression is reached. The load applied 
to the spring is then measured by the weighing machine, upon the platform of 
which the ends of the spring rest. 

In view of the different conditions that have been adopted from time to 
time for making these tests, and the confusion that has arisen between manu- 
facturers and users as a consequence of this, the American Society of Auto- 
motive Engineers has recommended the following standard procedure for 
making compression tests on laminated springs. 

The pressure block at the end of the straining screw, or ram, should have a 
width equal to that of the spring seat. It should be cut away in the centre, 
at the under side, to receive the bolt, and should have the upper side rounded 
to rock against the lower face of the straining screw. This will allow the 
spring to ^just it^lf. 

Full elliptic springs should be tested in the upright position, and quarter, 
half, and three-quarter elliptic, and cantilever springs in an inverted position. 
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The arrangements suggested for half and quarter elhptic and cantilever springs 
are shown in Fig 218. 

The springs should be supported in such a way as to give full lateral move- 
ment on compression. The load should be applied gradually, and the height 
of the spring measured without rapping or otherwise disturbing the spring. 



Fig. 217. — Testiag Machine for Laminated and Coil Springs — motor driven. Capacity, 

5 tons. 

A suggested method of estimating the flexibility is to take the height at 
75 and 125 per cent, of the full rated load and divide the difference between 
these two loadings by the difference in height. The result (“ flexibility ”) is 
the average rate of the spring in pounds per inch of compression, and should 
not vaiy more than 5 per cent, up or dowm. It is not always possible to get 
the exact specified rate, owing to differences in the thickness and uniformity 
of the raw material. 
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Any stamping, such as name, date, grade number, etc., should always be 
* stamped on the compression side of the leaf, as any stamping on the tension 





Fig. 218. — ^Bending Tests on Laminated Springs. 

side is equivalent to a nick or notch in the steel, and wiU produce earlj^ fracture. 
The less stamping there is on the spring, the more reliable the latter will be. 

2 I 
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The identification symbol should never be stamped on the buckle or clip, as 
these are often broken or lost. * ^ 

The amount of deflection under the steam scrag varies with different 
makers. Some manufacturers allow a deflection equal to twice the working 
deflection. Others work to the following formula, recommended by the 
British Standards Committee : — 

mt 

D = Deflection in inches. 

L = Length of top plate when flat (inches). 

t = Thickness of tMckest plate (inches). 

This specification is used for railway rolling stock. The buckles are 
made of steel of 24 to 30 tons per square inch tensile strength, with an 
elongation of 20 per cent. When made of iron, they should have a tensile 
strength of 20 to M tons, and an elongation of 20 per cent. The steel should 
also stand without* fracture a cold bend test round a bar IJ inches diameter, 
to an angle of 180®. 

Coil Springs. — ^The steels generally used for making coil springs, have a 
carbon content of 0*8 to 1*0 per cent., not more than 0*3 per cent, silicon, and 
0*6 to 0*8 per cent, manganese. Where alloy steels are used, the carbon does 
not usually exceed 0 5 per cent. The above steels have the following ap- 
proximate physical properties : — 

Elastic limit. Ultimate Strength. Elongation. Reduction of Area. 

As rolled . . 30 tons per sq. in. 46 tons per sq. in. 17 per cent. 42 per cent. 

Hardened and 

tempered . . 75 ,, „ 81 „ „ 4 ,, 12 ,, 

The modulus of such steels is about 13,500 tons per square inch, whether in 
the hardened state or as roUed. 

In the case of laminated springs, the range and load are limited by the 
tensile strength of the steel, but the range and load of coil springs are dependent 
on the maximum shear stress. 

A steel having an elastic limit (as rolled) of 59 tons per square inch in 
tension, has a torsional elastic limit of 43 tons per square inch, and a Tuay iTmiTYi 
shear stress of 70 tons per square inch, with a torsion modulus of 5,000 tons 
per square inch. 

After coiling, the springs are hardened in whale oil, and tempered in molten 
lead. The temperature of the oil should not exceed 40® C. at any time. If a 
large percentage of the springs subsequently break on “closing,” it is an 
indication that the oil in the hardening bath needs renewing. 

After hardening the springs are scragged, in some cases being given 100 
blows over the whole range. This is probably unnecessary, as a few smart 
blows will reveal any latent defect in the material as effectively as such severe 
handling, and the spring is made no safer by the latter means. Its life is also 
shortened to a certain extent by long and continued scragging. The British 
Standard Specffication stipulate five blows under a stream scrag for coil springs, 
and this is ample for most purposes. 

The “ proof ” stress, or maximum fibre stress produced during the scragging 
test, usually works out at about 60 tons per square inch, but different authorities 
vary considerably as to the safe stress applicable for springs. The figure here • 
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"given (60 tons) is on the low side when compared with existing designs, but is 
a fairly safe limit for general adoption. 

A higher proof stress can be used on small than on large springs, as a heavy 
section cools much more slowly in the quenching bath, and therefore the 
material is not so strong or homogeneous as that in the smaller sections. 

In the case of volute springs, the inner coils are protected from the action 
of the quenching bath by the large outer coils, and consequently it is necessary 
to adopt a lower safe stress in these springs than in helical springs. 

The working stress is usually about one-half to two-thirds of the proof 
stress, the actual ratio depending on the material and the functions of the 
design. 

The sections of material used for making coil springs are usually rectangular 
or circular. The latter should be used wherever possible. It is evident that if 
the section is to be rectangular after coiling, it will not be rectangular before that 
operation. Fig. 219gives a rough indication of the form of section used for making 
rectangular springs, and as the actual section to be used varies with the size 
of spring and diameter of mandrel, it is obvious that rectangular bars cannot 



Before coiling. After coiling. 

Fig, 219. — Section of Wire for Square Springs. 

be stocked except for a few regular lines. The cost and extra time of delivery 
required for making special sections make it advisable to use circular sections 
wherever possible. 

A spring is an instrument for storing energy, but in few cases is it possible 
to use a spring of sufficient size to take the whole energy of a moving vehicle. 

The balance is therefore expended in shocks. A laminated, or volute 
spring, has a good deal of internal friction, which help,s to dissipate more 
energy. 

The form of section used also has considerable influence in determining the 
energy-storing power of a spring. The circular helical spring is easily the most 
efficient in this respect, being about 50 per cent, better than any others.* 

In some cases coil springs are made of hard drawn wire. This is not 
recommended, but where necessary it is advisable to stiffen the springs after 
closing to correct length by dipping into a lead bath to remove internal stresses. 
This only applies to compression springs and may be omitted in the case of 
tension springs. 

The “ rate ’’ of coiled springs is tested by loading up gradually to the full 
load and measuring the change in length. This rate is expressed in lbs. per 
ineh and is obtained by dividing the total load applied by the total compression 

♦ See paper on “ Springs,” read by Mr. C. E. Squire before the Junior Institute of 
Engineers, December, 1916. 
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or extension produced. This is done in a machine similar to those shown on 
Figs. 217 and 220. In Fig. 217 the load i^ applied by means of a screw driven 
through gearing by hand, belt, or motor. Small coil springs are tested in the 
tnachhie shown in Fig. 220, the load being applied by the small handwheel, 
and measured by the lever system on top of the machine. Hydrauhc machines 


POISE 



STRAINING 

HANDWHEEL. 


Fig. 220. — ^Hand-driven Machine for Testing Coil Springs in Tension and Compression, 

Capacity : 400 lbs. 

are sometimes used for heavy springs, but for machines up to 3 or 5 tons 
capJii< 5 ^ belt or motor drives are preferable, as the load may be kept steady 
with ^^ater facility while the weighing operation is being performed. The 
compression of the spring (or extension) under any load is indicated by the 
scale fixed r^^the frame of each machine. 
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Tests on Spring Steel. — ^The only tests usually made ou spring steel 
are tensile tests and analyses. Impact tests are not generally made, as the 
steel is comparatively brittle (usually about 8 ft.-lbs. Izod), and high 
elastic range is of greater importance. Tests have been made, however, by 
Mr. C. G. Carlisle * on silico manganese and chrome vanadium spring steels, 
and the various results are classified by him as follows, in each ease the 
results obtained from silico manganese steel are taken as 100 : — 


Silico Manganese Chrome Vanadium 

Spring Steel. i Spring Steel. 


Ultimate tensile stress 
Arnold alternating test . . 
Charpy impact test 
Izod impact test . . 

Stanton repeated impact test 
Scragging test 


100 

124 

300 

118 

100 

160 

100 

221 

100 1 

261 

100 

260 


Materials for Railway Rolling Stock. — In view of the serious 
consequences attending the failure of materials used in railway work, it is 
important to apply exhaustive tests to all material used for rolling stock parts, 
and many special tests have been developed for the purpose of revealing latent 
defects in any detail. 

All important forgings such as crank axles, straight axles, tyres, etc., are 
analysed for sulphur and phosphorus content, and tensile test pieces arc 
taken to ensure that the mechanical quality of the steel is reasonably good in 
all cases. Axles have a tensile strength of 30 to 40 tons, and an elongation of 
20 to 25 per cent. It is usual to specify the yield as not less than 50 per cent, 
of the ultimate tensile strength. Forgings that have to withstand a consider- 
able amount of wear are made out of a special steel of 40 to 45 tons tensile 
strength, and an elongation of about 16 to 18 per cent. 

Cold bend tests are made on test pieces IJ inch square section, by bending 
round a bar 2| inches diameter, to an angle of 90°. The two ends of the 
test piece are then brought together, and this test must be withstood without 
the bar showing signs of fracture. The test pieces are rounded at the edges 
to a radius of -q inch. A machine for making bend tests is shown in Fig. 221. 

The impact tests to which axles are subjected have already been described 
(Chapter V). 

Tyres are placed vertically on a heavy block of metal and subjected to 
repeated blows from a falling weight of 2,240 lbs. This is first dropped from 
a height of 10 feet, and the fall is increased by 5 feet for successive blows until 
a standard deflection laid down by the Engineering Standards Committee is 
obtained.t 

This destruction test is only carried out on a small percentage of the tyres 
made, but every tyre may be tested by dropping it on to an iron block from a 
height of 5 feet for a 3 feet 6 inch tyre, and a height of 2 feet 6 inches for a 

♦ Discussion on “Mechanical Properties of Steel,” Proc. Inst. Mech. Eng., May, 
1919. 

t Report^No. 24, “ Material used in the Construction of Railway Rolling Stock.” 
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6 feet 6 inch tyre. The tyre is then turned through 90° and dropped again. 
If these tests do not reveal any defects, the tyres are deemed to be satisfactory.* 
The drop test described in connection with tyres is also made on wheel 
centres, which are dropped from a height of 3 feet on to the end of a spoke. 
They must show no crack or flaw under this test. Destruction tests of a 
similar nature, but with greater heights of faU, are also made on wheel centres. 


Fig. 221. — 20-toii Hydraulic Bending Machine showing IJ-inch square specimen in 
position. Hele-Shaw pump with screw control. 



The cold bend test made on steel castings is taken on a 1-inch diameter 
test piece, which is bent round a bar 2J-inches diameter through an angle of 
90°. If this is sustained without fracture the material is passed. This bend 
test is not made on castings having wearing surfaces. 

Copper plates for locomotive work should bend 180° flat both cold and at 
^ heat. Copper bars should crush from 1 inch to f inch long without 

ca^i^g fracture or cracking. 

with tubes are tested by bulging or drifting the ends until they are 


particulars see article on “ Falling Weight Test on Railway Tyres,” 
scale nxea tv^^nny. Engineering, November 15, 1918. 


by 
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increased in diameter by 25 per cent. They are also flanged at the ends to a 
diameter of l‘4cl, when d is the original diameter of the tubes, and should 
flatten and double over both cold and at a red heat. A hydraulic test of about 
700' lbs. per square inch is also frequently applied. 

On rivet bars, cold bend tests are made, and also tests after heating to 
a red heat and quenching in water. Rivets are bent cold and hammered until 
two parts of the shank touch, and the heads are flattened hot until their diameter 
is 2 J times that of the shank. 

It is well known that rivet holes in boilers should be drilled and not punched, 
as the latter operation seriously injures the metal immediately surrounding 
the hole. It is stated by Dr. J. E. Stead * that drilling with a blunt drill has 
a similar effect and that under such treatment cracks are Uable to form round 
the rivet holes. 

Welding Repairs. — ^In recent years there has been a decided movement 
in favour of the repair of broken or defective castings and forgings by oxy^ 
acetylene and electric welding, and many diflicult jobs have undoubtedly been 
satisfactorily performed by these means. 

The increased popularity of motoring, whereby comparatively delicate 
fast-running mechanisms are handled by unskilled or semi-skilled owners 
and drivers, has made such repairs frequently necessary, and in conse- 
quence a number of firms have sprung up who make a speciality of welding 
repairs. 

In boiler work the welding up of cracked plates and the budding up of 
wasted parts by welding, for a considerable time was looked upon with great 
suspicion, particularly as m this class of work the consequences of any failure 
are Uable to be serious. Mr. E. G. Hiller t states that welding is useful for 
repairs and for replacing riveted joints, and gives many instances where 
defective and fractured boiler parts have been repaired in this way and have 
worked satisfactorily afterwards. Among such repairs are those relating to 
the grooving of endplates over the furnace connections, to defects m the 
flue tube, and to parts under compression. He does not approve of weldiug 
parts subjected to tension, such as the external shells of steel boilers. 

In this case it may only be used for filling up local pittings and similar 
defects. 

Welding is also occasionally used in the case of large forgings for building 
new metal on to worn parts. In America, if the cone of a piston rod wears, it 
is stated to be quite customary to build up the worn part and turn to size 
again. This would possibly have been done in the case of expensive aero 
engine parts but for the fact that electro deposition of steel has been a 
solution of the difficulty. 

Welded repairs on steel forgings or plates are Uable to give low tensile 
results and low elongation when tested. 

When failure takes place, however, it often occurs near the weld. This is 
due to the fact that the metal surrounding the weld is heated to a high tempera- 
ture and no work is subsequently put upon it to restore the normal structure. 
Consequently the steel near the weld is in a coarse crystaUine condition and 
is liable to fracture at a much lower stress than the other parts of the plate or 

♦ Discussion on “Mechanical Properties of Steel,** Froc, Inst Mech, Eng., May, 1919. 
j- Discussion on “ Welding,** Proc. Inst. Mech. Eng., April, 1919. 
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forging. The structure may be improved considerably by suitable heat treat- 
ment after welding. 

Faults that are likely to be met with in electric welding are slag pockets, 
weakening by overheating, globules, and voids caused by insufficient heat. 
A rough, untidy weld indicates a careless operator or, in the case of electric 
welding, excessive supply voltage. In welds made by metallic electrodes, 
and sometimes in the case of acetylene welding, nitrogen is apt to be present. 
The inclusion of this element is very detrimental to the life and strength of 
the weld as it causes brittleness. A further possibility in the case of oxj’'- 
acetylene welds is the presence of phosphoretted or sulphuretted hydrogen 
in the gases, causing abnormal percentages of phosphorus and sulphur with 
their well-known physical accompaniments in the weld. 

The great difficulty met with in passing wields for service is that of deter- 
mining whether the weld is sound over the whole surface. In most cases it is 
impossible to ascertain this by examination, as the indications are not visible 
on the surface, and fracture of samples is of very little value save to the extent 
that it gives confidence or otherwise in the general reliability of the work. 
Where individual welds are made, or where it is necessary to apply some test, 
a proof load may be applied. 

This is done in the case of chains, where the whole length is tested to a 
proof load in excess of the working load, and three finks are cut out of the 
centre of each chain and tested to destruction. This is the best kind of test 
that can be applied to a weld, but it is not always possible to test repak welds 
in this way. A chain-testing machine is shown in Fig. 6. 

Iron and steel castings for engines, hydraulic work, etc., are now frequently 
repaired by welding, and there appears to be little difficulty generally in 
obtaining local adhesion. In many instances, however, failure occurs through 
distortion of machined surfaces, making the casting unusable. The welding 
of cracks in steel castings may be satisfactorily performed, but when the 
castings are fairly large or complicated, further cracks are liable to develop 
after the welding, on account of the local heating of the welded portion. 

These can be reduced to a minimum by heating up the whole of the casting 
to a red heat before welding and annealing afterwards! Even when the 
cracks do not show up immediately after welding, parts of the casting are 
liable to be highly stressed and to give way after a period under load. In 
view of these facts welding of complicated steel castings of thin section should 
be avoided as far as possible. If practicable, it is advisable to subject all 
important castings that have been repaired by welding, to a pressure test 
before putting to work. 

The presence of oil on cast-iron or steel is very objectionable as the oil is 
liable to carbonise and produce a porous weld. 

The welding of copper fireboxes has been attempted, but without success. 
The trouble in this case is chiefly that of building up the copper plate. 
In the experimental work it was found that owing to the high conductivity, 
heat got away too rapidly. 

The suitability of the metal for welding is a point that is too frequently 
overlooked in making welded repairs, and many failures of such repairs can 
be traced to this cause. For this reason a pressure or proof test should be 
made in all possible cases to ensure, as far as possible, that a sound, result has 
been obtain^. 
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For further information re details of welding methods and results obtained, 
readers are referred to a series of papers by Messrs. Heaton, Cave, Davies, and 
Hazeldine, read before the Institution of Mechanical Engineers in January, 
1919,* * * § and a report on “ Welding Mild Steel,’’ by Mr. H. M. Hobart.f 

Steel Wire Ropes and Cables. — ^The wire used for the manufacture of 
strands and cables J is usually made of medium carbon steel, uniformly heat 
treated § to give a tensile strength of 70 to 120 tons per square inch, the actual 
strength specified varying with the quality of the steel employed. 

For aeronautical work, the ultimate strength of the wire when drawn to 
size should not be less than 120 tons per square inch, and heat treatment should 
be as uniform as possible. 

Uniformity of size is important, and for ordinary industrial work the maxi- 
mum diameter should not exceed the nominal by more than 0’003 to 0*005 inch 
for wires below and above 0*064 inch diameter respectively. For aeronautical 
work the maximum size should not exceed the minimum by an amount exceed- 
ing 0*001 to 0*002 inch. In both cases, the minimum diameter should be not 
less than the nommal size. Uniformity may be tested by gaugiug each coil 
in three or more places with a micrometer 

Tensile tests on wires are made with machmes up to 5 tons capacity, a suit- 
able size being that illustrated in Fig. 14. The length of specimen is usually 
12 to 15 inches, and the specimens should be straight and free from bends or 
kinks. Short specimens are liable to give incorrect results. 

In rope mal^g, if samples of the wire used are not available for test, a piece 
may be cut out of the rope itself and used for this purpose. 

Wires are frequently protected from corrosion by galvanising. In this case 
the effective cross-section of the wire is taken to be 90 per cent, of the gross 
area. The coating must be smooth and uniform in thickness and should 
preferably be of pure zinc. 

In addition to the tensile test, a torsion test is generally applied by means 
of a machine similar to that shown in Fig. 24. In British practice the length 
of the specimen is usually 8 inches, but some specifications call for a minimum 
length of 10 inches. The rate of twisting is generally specified to be not 
greater than one revolution per second, and the results are recorded as the 
number of twists sustained per length of 100 diameters without showing signs 
of splitting or other visible defects. 

Suitable minimum results are as follows : — 

Wire. Turns per 100 diameters. 

Galvanised . . . . . . . . . . . . 15'0 

Ungalvanised . . . . . . . . . . 25*0 

Aeroplane (0 018 inch diameter and under) . . 27*6 

„ (over 0 018 inch diameter) . . . . 20*0 

* “ Electric Welding,” by T. T, Heaton ; “ The Development of the Oxy- Acetylene 
Welding and Cutting Industry in the United States,” by Henry Cave ; “ Oxy- Acetylene 
Welding,” by J. W. Davies ; “ Oxy- Acetylene Welding,” by E. Hazeldine. 

■f “ Welding Mild Steel,” by H. M. Hobart, Engineering, June 13, 1919 ; also “ Electric 
Welds,” by E. E. Thum, Ghemical and Metallurgical Engineering, September 16, 1018. 

J See “ Standard General Specification for Wire Rope ” and “ Standard Specification 
for Flexible Steel Wire Rope and Flexible Strand for Aircraft Purposes,” both issued by the 
Canadian Engineering Standards Association. 

§ This treatment is usually that known as “ patenting ” ; the wire being pas^ 
through heated tubes and then into the open atmosphere, where it cools at a rate whic^ 
ensures the formation of a sorbitic structure, i.e. the maximum of toughness with the; 
minimum of brittleness. 
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used for rope manufacture should be free from scales, flaws, 
inequalities, splints, and other injurious defects, and the ropes themselves 
shouM be examined for such defects as kinks, uneven lay, loose 'vdres, o^ii 
.strands, and other similar irregularities, and should remain in this Condition 
when unwoimd from a reel or coil, or when bent round a standard thimble, 
provided that the ends are properly secured and that due precautions are taken. 
The diameters at the bottom of the groove of thimbles used in aeronautical 
work are usually about four times the diameter of the rope or strand. 

The joints in such ropes should be widely distributed, being not more than 
one wire joint for every 50 feet of strand in ordinary power work, or one in 
every 100 feet for aeronautical practice. There should be a proper and uniform 
tension on the wires during the manufacture of the rope and the individual 
wires and strands should be lubricated with a suitable compound which should 
have no injurious effect on the wires or on the cores. The wires must be 
properly protected, without excess of preservative or lubricant, particularly 
when purchased by weight. 

In making tensile tests on the completed rope, the first difficulty is that of 
cutting out the specimen or test piece. The length of the piece set aside for 
test should be about 80 inches, and in order to avoid disturbing the original 
and uniform relation of tensions set up during manufacture, it is necessary to 
place two seizings or servings of soft iron wire, each about 1 inch to 1| inches long 
on each side of the points at which the rope is to be cut. In some cases, two or 
three seizings are placed on each side of the cut. For this purpose, annealed 
iron wire 0*054 to 0*105 inch diameter for ropes i inch to 2 inches diameter is 
suitable. 

Rope cannot be tested in the ordinary tensile grips, as the compression 
would damage the wires and the rope would slip through the grips. In the 
case of small ropes, the ends of the specimen are sometimes bent round a 
standard thimble, and the latter is attached to the straining and w eighing grips 
.by means of a pin. Larger sizes are fixed at the two ends in special conical 
sockets (taper about 1 in 4 on diameters) by opening out the wmes at each end, 
and running solid with spelter. The sockets can then be attached by pins to 
the ordinary grips. Before opening out the ends of the specimen, the core must 
be removed as far as the servings, and the individual wires cleaned with waste, 
petrol, caustic soda, or hydrochloric acid, to ensure 'a good bond with the zinc. 

The rope must be supported so that it is concentric with the socket, and a 
ring of fireclay placed round the bottom to prevent the liquid spelter from 
running down the rope. The metal must not be too hot when poured, as other- 
, wise it may have an annealing action on the wire ; and must not be too cold, 
so that a solid filling may be obtained. 

When testing the rope, the rate of loading must be slow at first, so that the 
wires and strands may bed properly before the breaking load comes on. 

In aeronautical work the length of the specimen between the grips should 
not be less than 4 times the lay of the rope. 

Influence of Temperature. — ^The increasing tendency to employ steani 
at higher temperatures and pressures necessitates careful selection of the 
materials required for the working portions of the machine. Present-day 
derigners are often called upon to deal with a difficult set of conditions involving 
extreme temperatures or large variations in temperature. As a practical 
example of temperature difficulties in design, that of the shaft used for the 
turbo-compressor actuated by the exhaust gases of an aero-engine (the com-: 
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pressor is used for super-charging the cylinders at high altitudes) is perhaps an 
extreme case. The turbo-compressor runs at a high speed, and the centri-. 
fugal forces therefore are considerable. The turbine rotor runs m exhaiisf 
gases at about 650° C., whilst the compressor rotor (on the same shaft) runs 
at temperatures down to — 55° C. Thus one end of the shaft is red hot while 
the other is so cold that the metal becomes very brittle. 

The increasing use of superheated steam and higher working pressures is . 
accounted for by the increased thermodynamic efficiency when the temperature^ 
is large. The ideal cycle for all heat engines, and the one that gives the maxi- 
mum of efficiency, is represented as follows : — 

Efficiency = — 

where Ti— T q is temperature range in cyhnder. 

Tj is temperature at which heat is supplied. 

Thus (other factors being equal), the higher the temperature Ti at which 
the heat is admitted to the engine, the greater is the possible efficiency. 

Other mechanical devices are now made to withstand high temperatures, 
as for example charging machines for furnaces, conveyer chains for continuous 
annealing furnaces, roller mechanisms in molten metal baths, as with tinning, 
galvanising, etc. 

Now tests at ordinary temperatures are no guide as to the behaviour of the 
materials at the higher temperatures. Moreover, it would appear that a metal 
which may prove satisfactory at high temperatures when not subjected to fric- 
tion, may be quite unsuitable when it has a moving part working over it. 

The influence of temperature on the strength of various metals and alloys 
is stated (wherever possible) in the chapters dealing with these materials. 

Sir Henry Fowler gives some data *** on non-ferrous metals used for certain 
locomotive parts subjected to the action of superheated steam. 

The piston tail-rod bushes originally were made of gunmetal having the 
following composition : — 

Copper . . . . . . . . 87 per cent. 

Tin . . . , . . . . 9 ,, 

Zinc . . . . . . . . 2 „ 

Lead ........ 2 „ 

This metal was found to break in service, and was replaced by cast-iron, 
but this scored the rods. Phosphor bronze was then used having the following 
composition : — 

Copper . . . . . . . . 88 per cent. 

Tin . . . . . . .11 „ 

Phosphorus ...... 1 „ 

This alloy has been running for over six years in a number of locomotivres 
with satisfactory results. It should be noted that the flange and a portion of 
the bush only are exposed to the superheated steam (340° C.), and then only 
during one stroke (exhaust steam on the return stroke). 

The piston-rod packing is interesting. A gland of the ILK. type of 
metallic packing, containing McNamee rings, is fitted. The McNamee rings 
are two thin rings lying side by side in a case whieh does not touch the rod* 
The rings are in halves held together and close to the rod by means of 
spiral springs mounted on their outer surface. The object of these rin^ is 

The Effect of Superheated Steam on N'en-Ferrous Metals used in Locomotiv^^ 
by Sir Henry Fowler, K.B.E., September, 1922. . : I 
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to prevent the steam coming directly in contact with the white metal in the 
gland proper. All other parts of the gland are made of gunmetal. The 
compositions of the rings and of the white metal packing rings are as follows : — 


McNamee Bings. 

Copper . . 

Tin* .. 

Ziac 

Phosphorus 
Nickel . . 

Lead 


75*5 per cent. 
8-5 

0-33 „ 

trace „ 

0-5 „ 

150 „ 


White Metal Packing Kings. 

Lead . . . . . . 70 per cent. 

Antimony . . . . 30 ,. 


Sir Henry Fowler states that the above white metal has been found more 
satisfactory under the conditions used than the usual 80/20 lead-antimony 
alloy. The working temperatures — ^340° to 370° C. — are approaching its critical 
point, as an increase above this figure has been found to cause trouble. At -a 
temperature of 425° C. the trouble experienced was due to the packing rings 
fusing. These rings, of course, are subjected to the full temperature only 
intermittently. 

The valve spindle packings are similar in design to those for the piston rods 
but of a smaller size, and the same metals are used throughout satisfactorily. 
In this case they are subjected to superheated steam during the whole of the 
time the engine is worldng. 

Conveyer chains and other mechanisms of this kind, when required to with- 
stand temperatures up to 600° or 700° C., should be made of malleable cast- 
iron. Steel castings w^ill serve equally well. Cast-iron at these temperatures 
is liable to crack, especially if the parts are subjected to wide fluctuations in 
temperature. 

Specifications. — ^The figures given in the preceding pages are designed 
to form a guide as to what can be obtained in practice. 

The advantages of standardisation have long been apparent on the 
machining side of engineering work, but standardisation is j)ossible on a much 
wider scale, and with considerably greater possibilities on the material side. 
Some firms lay down their own specifications for material, but only veiy large 
buyers can do this, as suppliers will not produce material to the special require- 
ments of comparatively small customers at other than fancy prices. It is 
therefore advisable, as far as possible, to use standard specifications, so that 
both suppliers and consumers may become familiar with the materials involved 
with consequent facility of production, ease of handling and transformation, 
and avoidance of disputes. A nucleus for such a system of standard specifica- 
tions exists in the series drawn up for use during the war by the Air Board 
and now adopted by the Engineering Standards Committee. Makers and 
users of the materials thus specified have had considerable experience in their 
manufacture and use, and the series might be enlarged with advantage, and 
adopted as a general standard for engineering work. 

At the same time, there are considerable difficulties in the way of drawing 
up standard specifications to suit all trades, so that such a policy must be 
designed chiefly to avoid differences in practice wdthin the borders of each 
particular trade. 

This could best be done by arranging a separate series of standard specifica- 
tions for each of the important branches of engineering industry, using as few 
varieties of material as possible, by extending the specification of any single 
material to cover several different branches of work. 



CHAPTER XX 

TABLES 

TABLE I. — Reduction op Areas op Tensile Test Pieces 


Reduced 

diameter, 

ins. 


Reduction of area per cent. 

Reduced 

diameter, 

ins. 


Reduction of area per cent. 

Area, 
sq. in. 

Orig. dia. 

= 0-564 in. 
Area =0-25 
sq. in. 

Orig. dia. 

= 0*399 in. 
Area =0*125 
sq. in. 

Area, 
sq. in. 

Orig. dia. 

= 0*564 in. 
Area= 0*25 
sq. in. 

Orig. dia. 

- 0*399 in. 
Area =0*125 
sq. in. 

0-564 

0-250 

0-0 


0-355 

0-099 

60-4 

20-8 

0-560 

0*247 

1-2 


0-350 

0-096 

61-6 

23-2 

0-555 

0-242 

3-2 


0*345 

0-093 

62-8 

25-6 

0-550 

0237 

5-2 


0-340 

0-091 

63-6 

27-2 

0-545 

0-234 

6*4 


0-335 i 

0-089 

64-0 

29-6 

0-540 

0-229 

8*4 


0-330 

0-0855 

65-8 

32-0 

0-535 

0-225 

10-0 


0-325 

0-083 

66*8 

33 6 

0-530 

0 221 

11*6 


0-320 

0-080 

68-0 

36-0 

0-525 

0-216 

13*6 


0-315 

0*078 

68-9 

37*6 

0 520 

0-213 

14-8 


0*310 

0-0755 

69*8 

40-0 

0-515 

0-208 

16-8 


0*305 

0-073 

70-7 

41*6 

0-510 

0*204 

18-4 


0*300 

0-0707 

71*8 

43 1 

0-505 

0-200 

20*0 


0*295 

0-0685 

72-6 

45-2 

0-500 

0-196 

21-6 


0-290 

0-066 

73-6 

47*2 

0 - 4;95 

0-192 

23*1 


0*285 

0-064 

74-4 

48*8 

0-490 

0-188 

24*8 


0-280 

0-0615 

75-5 

50-4 

0-485 

0-185 

26-0 


0-276 

0-0593 

76-3 

52-8 

0 480 

0-181 I 

27-6 


0*270 

0-0572 

77-1 

54*5 

0-475 

0-177 

29-2 


0-265 

0-055 

78-0 

56-0 

0-470 

0-173 

30-8 


0*260 

0-053 

78-8 

57*6 

0-465 

0-170 

32*0 


0 255 

0-051 

79-7 

59-2 

0-460 

0-166 

33-6 


0-250 

0-0492 

80*5 

60-8 

0-455 

0-163 

34-8 


0-245 

0-04715 

. 81-3 

62-4 

0-450 

0-159 

36 - 4 r 


0-240 

0-0452 

82-0 

64-0 

0-445 

0-155 

38-4 


0*235 

0-0434 

82-8 

65-5 

0-440 

0-152 

39-6 


0-230 

0-0415 

83-7 

66-8 

0-435 i 

0-149 

40-4 


0-225 

0-0397 

84-4 , 

68*0 

0-430 

0-145 

42-0 


0-220 

0-038 

84-7 

1 69*6 

0-425 

0-142 

43-2 


0-215 

0-0363 

85-6 

71-2 

0-420 

0-138 

44-8 


0-210 

0-0346 

86-4 

72-2 

0*415 

0-136 

45-6 


a -205 

0-0331 

87*2 

73-5 

0-410 

0-132 

47*2 


0-200 

0-0314 

87-6 

74*8 

0-405 

0-129 

48-4 


0-195 

0-0298 

88-1 

76-0 

0-400 

0-126 

49-6 


0-190 

0-0284 

83*8 

77-3 

0-395 

i 0-123 

i 50-8 

1-6 

0-185 

0-0268 

89-3 

i 78-5 

0-390 

0-120 

52-0 

4-0 

0-180 

0-0254 

90-0 

79*7 

0-385 

0*117 

53-2 

6-4 

0-175 

0-0241 

90-5 

807 

0-380 

0*114 

54*5 

8-8 

0-170 

0-0226 

90-9 

82-0 

0-375 

0-111 

55*6 

11-2 

0-165 

0-0214 

91-5 

82-8 

0*370 

0-108 

56-8 

13-6 

0-160 

0-0201 

92*1 

84-0 

0*365 

0*360 

0-104 

0*102 

58*5 

59*3 

16-8 

18*4 

0*155 

0*0189 

92*5 

84-7 

[ 
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TABLE n.- 


-Brinell Hardness Numbers and Approximate Tensile 
Strengths for Steel. 


Diameter of im* 
pression, mm. 

11 

r 

Tensile 

Strength, tons 
per sq. in. 

Hardness Numbers. 

Diameter of im- 
pression, mm. 

d . 

ig 

“S' 

at 

w 

Tensile 

Strength, tons 
per sq. in. 

Hardness numbers. 

2,000 kg. 

1.000 kg. 

500 kg. 

2,000 kg. 

1,000 kg. 

ti) 

Carbon 

steels. 

Alloy 

steels. 

Carbon 

steels. 

Alloy 

steels. 

2*0 

946 


206 

631 

315 

158 

4*3 

196 

46 

47*6 

131 

65 5 

32*7 

2*05 

898 

— 

196 

699 

299 

150 

4*35 

192 

45 

47*0 

128 

64 

32 

2*1 

857 

— 

187 

572 

286 

143 

4*4 

187 

44*3 

460 

125 

62*6 

31*2 

215 

817 

— 

178 

545 

277 

136 

4*45 

183 

43*4 

450 

122 

61 

30*5 

2*2 

782 

— 

171 

522 

261 

130 

4*5 

179 

42*8 

44 2 

119 

59*5 

29*7 

2-25 

744 

— 

162 

496 

248 

124 

4*55 

174 

41*5 

43*5 

116 

58 

29 

2-3 

713 

— 

155 

476 

238 

119 

4*6 

170 

40*9 

42*8 

113 

66*6 

28*2 

2-35 

683 

— 

149 

456 

228 

114 

4*65 

166 

40*2 

42*0 

111 

55*5 

27*7 

2-4 

652 

— 

142 

435 

218 

109 

4*7 

163 

39*4 

41*4 

109 

54*6 

27*2 

2*45 

627 

— 

137 

418 

209 

104 

4*75 

159 

38*6 

40*7 

106 

53 

26*6 

2*6 ‘ 

600 

— 

131 

400 

200 

100 

4*8 

156 

38*1 

40*0 

104 

62 

26 

2-65 

678 

— 

126 

385 

192 

96 

4*85 

153 

37*5 

39*5 

102 

51 

25*5 

2*6 

555 

— 

121 

370 

185 

92 

4*9 

149 

36*6 

38*8 

99 

49*5 

24*7 

2-65 

532 

— 

116 

355 

177 

88 

4*95 

146 

360 

— 

97 

48*5 

24*2 

2-7 

512 

— 

112 

342 

171 

,85 








2*75 

495 

— 

108 

330 

165 

82 

5*0 

143 

35*5 

— 

95 

47*5 

23-7 

2*8 

477 

— 

104 

318 

159 . 

79 

6*05 

140 

34*8 

— 

93 

46*5 

23*2 

2*85 

460 

— 

100 

307 

153 

77 

5*1 

137 

34*2 

— 

91*5 

45*7 

22*8 

2*9 

444 

— 

97 

296 

148 

74 

5*15 

134 

33*5 

— 

89 

44*5 

■ 

2*95 

430 

— 

94 

287 

143 

71 

5*2 

131 

32*9 

— 

87 

43*5 

— 








5*25 

128 

323 

— 

85 

42*5 

— 

30 

418 j 

— 

92 

279 

139 

69 

6*3 

126 

31*9 

— 

84 

42 


305 

402 


88 

268 

134 

67 

5*35 

124 

31*4 

— 

82*5 

41*2 

— 

31 

387 

— 

85 

258 

129 

64 

5*4 

121 

30*8 

— 

80*6 

40*2 

1 — 

316 

376 

— 

83 

250 

125 

62 

6*45 

118 

30*2 

— 

78*6 

39*2 

— ' 

8-2 

364 

— 

81 

243 

122 

61 

6*5 

116 

29*7 

— 

77 

38*6 

— 

326 

3B1 

— 

**78 

234 

117 

59 

5*55 

114 

29*3 

— 

76 

38 

— 

3*3 

340 

— 

76 

227 

113 

56 

5*6 

112 

28*9 

— 

74*5 

37*2 

— 

3*35 

332 

— 

74 

221 

110 

55 

5*65 

109 

28*3 

— 

72*5 

36*2 

— 

3-4 

321 

— 

71-5 

214 

107 

53 

5*7 

107 

27*8 

■ — 

71 

35*5 

— 

3*45 

311 

— 

70 

207 

103 

61 

5*75 

105 

27*3 

— 

70 

35 

— 

8*6 

302 1 

— 

68 

201 

100 

50 

5*8 

103 

26*9 

! — 

68*5 

34*2 

— 

3*65 

293 

— 

66 

196 

97 

49 

5*85 

101 

26-5 

— 

67 

33*6 

- — 

3*6 

286 

— ' 

65 

190 

95 

47*5 

5*9 

99 

25*9 

— 

66 

33 

— 

3*66 

277 

61 

63 

186 

92 

46 

5*95 

97 

25*5 

— 

64*5 

32*2 j 

— 

3*7 

269 

69-5 

61*6 

179 

89 

45 








3*76 

262 

58 

60 

175 

87 

44 

6*0 

1 95 

25*2 

— 

63 

31-5 



3*8 

255 

56-8 

68*6 

170 

85 

42*5 

6*05 

94 

24*9 

— 

62*5 

31*2 



3*85 

248 

55*8 

67*6 

165 

82 

41 

6*1 

! 92 

24*5 

— 

61*5 

30*7 



3*9 

241 

64*6 

56 

161 

80 

40 

6*15 

! 90 

24*0 

— 

60 

30 



3'95 

235 

63-4 

55 

157 

78 

39 

6*2 

89 

23*7 

— 

59*5 

— 

' 








6*25 

87 

23*3 

— 

58 

— 



4*0 

228 

52 

53*5 

152 

76 

38 

6*3 

86 

23*1 

— 

67*6 

— 



405 

223 

51 

62*7 

149 

74*5 

37*2 

6*35 

84 

22*7 

— 

56 

— 



4*1 

217 

50 

61'6 

145 

72*5 

36*2 

6*4 

82 

22*2 

— 

54*5 

— 



415 

212 

49 

50-7 

141 

70*6 

35*2 

6*45 

81 

21*9 

— 

54 

' — 



4*2 

207 

48 

49-8 

138 

69 

34*5 

6*5 

80 

21*7 

— 

53*5 

— 



4*25 

202 

47 

48*7 

135 

67*6 

33*7 





i 




Note. — T he hardness numbers given for 2,000, 1^000, and 600 kg. are based on the assumption that 
the area of impression is proportional to the load, an assumption which is sufficiently correct for most 
practical purposes. 



TABLES 

TABLE III. — SoLEROsooPB Readings fob Various Materials 


4m 


In specifying the scleroscope value to be attained by mateTi6d, it is advisable to 
allow a variation of 5 per cent, up or down in the reading. High speed steel requires an 
allowance of 10 per cent. The following are average v^ues for common materials 


Carbon steel (annealed . . ' . . 35-30 

High speed steel (annealed) . . 40-35 

Brass (very hard) . . . . 45 

„ (soft) . . . . . . 10 

Bronze (hard) .. .. 25-50 

Brass (castings) . . . . 7-25 

Bronze . . . . . . . . 10-35 

Frames (Nickel Chrome steel) 

„ (Carbon steel) . . 

Axles (0 *35 carbon — ^nickel chrome) 40-45 


C£kst-iron (grey) . . . . . . 35-40? 

„ (small castings) . . 35-60 

Chilled cast-iron (sliding 

surfaces) .. .. .. 50-80 

Nickel steel (6-7 per cent, 

carbonised and hardened) . . . 60-80 


35-40 


Motor Work. 

40-50 ! Transmission gears 

Gudgeon pins 
Valve lifter roller pin 
Cams . . 

Valves 
Cones 

Keys (hardened) . . 


65-80 

60-75 


45-55 


Springs (Vanadium steel) 

„ (Carbon steel) . . 

Crank shafts (0*35 carbon — 
nickel chrome) 

In using any part of this table, reference should also be made to those chapters 
dealing with the above materials, where further test figures and information are given. 


80-85 

80-90 

60-65 

70-85 

50-60 

70-80 

75-80 


TABLE IV. — Comparison between Auto-Punch and Brinell Impressions* 


Auto-Punch 
Impression, 
mm. dlamater. 

1 Brinell, 3,000 kg. I 

Auto-Punch 
Impression, 
mm. diameter, i 

Brinell, 

3,000 kg. 

Impression 
diameter, mm. 

Hardness 

Number. 

Impression 
diameter, mm. 

Hardness 

Number. 

1-260 

2-50 

600 

1-694 

4-10 

217 

1-272 

2-55 

578 

1-708 

4-15 

212 

1-284 

2-60 

555 

1-721 

4-20 

207 

1-294 

2-65 

532 

1-735 

4-25 

202 

1-306 

2-70 

512 

1-745 

4-30 

196 

1-318 

2-75 

495 

1-760 

4-35 

192 

1-332 

2-80 

477 

1-780 

4-40 

187 

1-345 

2-85 

460 

1-798 

4-45 

183 

1-360 

2-90 ! 

444 

1-815 

4-50 

179 

1-375 

2-95 

430 

1-827 

4-55 

174 

1-390 

3-00 

418 

1-829 

4-60 

170 

1-405 

3-05 

402 

1-852 

4-65 

166 

1-420 

3-10 1 

387 

1-865 1 

4-70 

163 

1-434 

3-16 ! 

! 376 

1-878 

4-75 

159 

1-448 

3-20 

364 

1-890 

4-80 

156 

1-460 

3-25 

351 

1-912 

4-85 

153 

1-475 

1 3-30 

340 

1-925 

4-90 

149 

1-489 

3-35 

332 

1-940 j 

4-95 

146 

1-504 

3-40 

321 

1-953 

5-00 

143 

1-518 

3-45 

311 

1-966 j 

5-05 

140 

1-534 

3-50 

302 

1-979 1 

5-10 

137 

1-548 

3-55 

293 

1-995 

5-15 

134 

1-563 - 

3-60 

286 

2-010 

5-20 

131 

1-578 

3-65 

277 

2-030 

5-25 

128 

1-691 

3-70 

269 

2-050 

5-30 

126: 

1-603 

3-76 

262 

2-070 

5-35 

124 

1-615 

3-80 

255 

2-085 

5-40 

121 - 

: 1-627 

3-85 

248 

2-100 

5-45 

118^ 

1-640 

3-90 

. 241 

2-115 

5-50 

L16 

1-652 

3-95 

235 

2-135 

5-55 

114; 

1-664 

4-00 

228 

2-160 

5*60 

112 

1-680 

405 

223 





* As supplied by Messrs. Rudge-Whitwo^th, Ltd., Coventry. 
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TABLE V. — ^Approximate Belationship between the Bhinell Hardness and 
Machining Hardness of Steels 


Brinell Values. 

Tensile Strength, 
tons per sq. in. 

Cutting Properties (approx.). 

Hardness 

Number. 

Diameter of 
Impression, 
mm. 

Carbon 

Steel. 

Alloy Steel. 

Single-point Tool. 

Turning. ; Planing. 

Milling. 

Drilling. 

80 

6‘50 

21-7 


95 

95 

75 

60 

97 

6*95 

25-5 

— 

100 

100 

80 

70 

118 

5*45 

30*2 

— 

95 

95 

75 

65 

. 140 

505 1 

34*8 

— 

90 

: 90 1 

70 

60 

166 

4-65 ' 

40-2 

42 0 

80 

1 80 * 

65 

55 

192 

4-35 

45 0 

47 0 

65 i 

1 65 

50 

40 

207 

4-20 

48-0 

49-8 

50 

1 50 

35 

30 

235 

3*95 

63-4 

560 

35 

35 

25 

20 

262 1 

3-75 

58-0 

60 0 

25 i 

25 

15 

10 

286 

3-60 ' 

— 

65-0 

20 

20 

10 

5 

311 

3-45 1 

— 

700 

15 1 

15 

7 

3 

340 

3-30 

— 

76-0 

10 

10 

5 

2 

364 

3-20 

— 

81-0 

7 

7 

3 

1 

387 

310 

1 — 

85-0 

5 

5 

2 

— 

402 

305 

— 

88 0 

3 

3 

1 

— 

418 

3-00 

— 

92*0 

2 

2 

— 

— 

444 

2-90 

— 

97 0 

1 i 

1 

— 

— 

477 

2-80 

— 

104*0 

j 

1 — 

— 

— 

512 

2-70 

— 

1120 



‘ ~ i 

— 



TABLES 


TABLE VI. — Hardness Tests of Brass (66:34) 
See p. 89. 

Ultimate Tensile Strengths and Hardness Numbers, 


Thickness 

inch. 

Ultimate 
Strength, 
tons per 
s<i. in. 

Sclero- 

scope 

Number. 

Brinell Number. 

Batio : Bfineli to Scleroscope 
Number. 

! 

3000 

Load in kg. 
1000 

500 

3000 

Load in kg. 

1000 600 

0130 

20*25 

7-8 







0-781 

20*2 

10*0 

70-0 

70*0 

66*0 

7-0 

7*0 

6*6 

0-376 

214 

10*0 

78*0 

74*0 

72-5 

7*8 

-7-4 - 

7*3 ‘ 

0*716 

21*25 

10-0 

86-0 

81*0 

74*5 

8*6 

8-1 

7-5 

0*061 

21*9 

10-0 

' — 1 

— 

— 






0*717 1 

22*05 

13*5 

96-0 

89*0 

84*0 

7*1 

6-6 

6*2 

0-231 

22*7 

14*3 

89-0 

83*5 

83*0 

6*2 

5*8 

5*8 

0-237 

23*4 

15-0 

93 0 

85*5 

85*5 

6*2 

5*7 

5*7 

0-704 

22*1 

13*0 

92-5 

85*0 

82*0 

7 1 

6*5 

6*3 

0*237 

22-0 

]30 

86*5 

80*0 

82*0 

6*7 

6-2 

6*3 

0-689 

22-6 

13-0 

99*5 

90*0 

88*5 

7*7 

6*9 

6*8 

0*116 

22*65 ; 

15*1 

— 


— 

— 

— 



0*677 

23*35 

16-0 

107*0 

100*0 

92*8 

6*7 

6*3 

5*8 

0-660 

23*6 

16-5 

104*0 

98*5 

91*5 

6-3 

6*0 

5*5 

0*652 

24*4 

17-8 

114-0 

104*5 

103*5 

6-4 

5*9 

5*8 

0*214 

23*9 ! 

17-5 

101*0 

96*0 

101*0 

' 5-8 

5-5 

5*8 

0*216 

24 0 

17-5 

103-0 

98*5 

! 98*0 

5*9 

5-6 : 

5*6 

0-054 

24-4 

19-0 

— 

— 

1 — 

— 


— 

0*627 

24-8 ! 

18-3 

118-5 

111*5 

1060 

6-5 

6*1 i 

5*8 

0*192 

24*85 j 

21*0 

118-0 

104*5 

102*5 

5-6 

; 5*0 1 

4*9 

0*052 

24*8 1 

20*0 

— 

— 

— 



— 



0*054 

25*05 i 

20*0 

— 

— . 



— 


i — 

0*106 

24-8 I 

20-0 

— 

— 

— 




■ 

0-207 

25*7 i 

20*0 

115*0 

108*0 

107*0 

5*8 

5-4 1 

5 4 

0*622 

26-0 1 

21*3 

124*0 

119*0 

116-0 

6*8 

5*6 

5-5 

0*201 

26-0 

21-0 

1190 

113*5 

111-0 

6*7 

' 5*4 I 

5*3 

0*593 

26*8 

22-6 

127 

121*5 

119-5 

5*6 

54 ' 

5*3 

0*194 

26-9 

i 22-8 

125-0 

118*5 

118-0 

6*5 

1 5-2 

1 5-2 

0*577 

28-1 

25-0 

134-0 

125*5 

122*0 

5*4 

5-0 

4-9 

0-046 

28*5 

i 27*0 

— 

— 

— 

1 — 

— 

— 

0*082 

30*9 

1 29-0 

— 

^ ' — 

— , 

[ 

— 

— 

0*042 

31*6 

28-5 

— 

— 

— 

— 

— 

; — 

0*501 

32-0 

i 29-1 

146-0 

146*0 

138*5 

5-0 

5*0 

4-8 

0*041 

32*4 

31*0 

— 

— 

— 

— 

j — : 

— 

0*040 

32*6 

i 30-8 

— 

— 

— 

— 

j ' — 


0-486 

34*0 

32-0 

149*0 

146*5 

143-0 

4-7 

4-6 

4*5 

0-477 

34*3 

31-0 

151*0 

147*5 

143*5 

4-9 

4-8 

4*6 

0*039 

34*2 

! 32-0 

— 

— 

— 

— 

— 

— 

0-435 

33*4 

32-0 

-151*5 

149*5 

142*5 

4*7 

4*7 

4*5 

0*046 

34*6 

32*0 

• — 

— 

— 

— 

— 


0*077 

35*1 

32-0 

— 

— 

— 

— 

, — 

— 

0*437 

36-0 

32*0 

154-0 

152*5 

.147*5 

4-8 

db 

4*6 

0437 

36*7 

1 32*0 

— 

— 

— 

— 

1 — 

— - 

0*038 ' 

36*4 

I 33*0 

— 

— 

— ■ 

— 

j 

- — 

0*036 

36*5 

34*0 

— 

T— 

— 

— 

' -- 

— 

0*420 

374 

33*0 

156-0 

155*0 

150*0 

i 4*7 

I ■4*7 - 

4*6; 

0*066 

37*8 

36*0 

— 

— 

— 

— 

1 — 

— ■ 

0*053 

37*4 

36*1 

— 

- — 

— 

— 

— 


0*399 

38*3 

36*0 

161*0 

155*5 

149*6 

4*5 1 

4*3 

4*2 

0*057 

39*6 

38*0 

— 

— 

— 

! — ? 

— 

-s- 

0*049 

41*6 

40*0 

• — 

— 

— 

— ' j 


— 

0*023 

42*0 

40-0 

- — , 

— 

— , 

[ " 

' 

. — : 


2 K 
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Tabi^e VII. — ^ToNs PER Square Inch Equivalents in Pounds per Square Inch. 

One British ton = 2,240 lbs. 


Tons per 
sq. In. 

Lbs. per sq. in. 

Tons per 
sq. in. 

Lbs. per sq. in. 

Tons per 
sq. in. 

Lbs. per sq. in. 

1 

2,240 

41 

91,840 

81 

181,440 

2 

4,480 

42 

94,080 

82 

183,680 

3 

6,720 

43 

96,320 

83 

185,920 

4 

8,960 

44 

98,560 

84 

188,160 

6 

11,200 

45 

100,800 

85 

190,400 

6 

13,440 

46 

103,040 

86 

192,640 

7 

16,680 

47 

105,280 

87 

194,880 

8 

17,920 

48 

107,520 

88 

197,120 

9 

20,160 

49 

109,760 

89 

199,360 

10 

22,400 

50 

112,000 

90 

201,600 

11 

24,640 

51 

114,240 

91 

203,840 

12 

26,880 

52 

116,480 

92 

206,080 

13 

29,120 

53 

118,720 

93 

208,320 

14 

31,360 

54 

120,960 

94 

210,560 

15 

33,600 

55 

123,200 

95 

212,800 

16 

35,840 

56 

125,440 

96 

215,040 

17 

38,080 

57 

127,680 

97 

217,280 

18 

40,320 

58 

129,920 

98 

219,520 

19 

42,560 

59 

132,160 

99 

221,760 

20 

44,800 

60 

134,400 

100 

224,000 

21 

47,040 

61 

136,640 

101 

226,240 

22 

49,280 

62 

138,880 

102 

228,480 

23 

51,520 

63 

141,120 


230,720 

24 

53,760 

64 

143,360 


232,960 

25 

56,000 

65 

145,600 

105 

236,200 

26 

58,240 

66 

147,840 


237,440 

27 . 

60,480 

67 

150,080 

107 

239,680 

28 

62,720 

68 

152,320 


241,920 

29 

64,960 

69 

154,560 

109 

243,160 

30 

67,200 

70 

156,800 

110 

246,400 

31 

69,440 

71 

159,040 

111 

248,640 

32 

71,680 

72 

161,280 

112 

260,880 

33 

73,920 

73 

163,520 

113 

253,120 

34 

76,160 

74 

165,760 

114 

255,360 

35 

78,400 

75 

168,000 

115 

257,600 

36 

80,640 

76 

170,240 

116 

259,840 

37 

82,880 

77 

172,480 

117 

262,080 

38 

85,120 

78. 

174,720 

118 

264,320 

39 

87,360 

79 

176,960 

119 

266,660 

40 

89,600 


179,200 


268,800 
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TABLE VIII. — Young’s MoDuuns for Various Materials. 


Aluminium alloy (castings) . . 

. . 10,000,000 

„ Bronze 

. . 17,000,000 

„ wire 

. . 18,500,000 

Brass (cast) . . . . .... 

. . 13,000,000 

Bronze . . 

. . 12,000,000 

Copper (cast) . . 

.. 11,000,000 

„ (wire) 

. . 17,600,000 

Delta Metal 

. . 15,400,000 

Duralumin 

. . 10,000,000 

Gun metal 

.. 13,000,000 

Iron (cast) ... . . . , . . 

. . 15,000,000 

„ (wrought) 

. . 25,000,000 

Lead (sheet) 

800,000 

Monel Metal 

. . 28,000,000 

Mimtz Metal 

. . 15,000,000 

Nickel . . 

.. .. 31,000,000 

Phosphor Bronze 

. . 14,800,000 

Steel (castings) 

. . 31,000,000 

„ (crucible) 

. . 29,500,000 

„ (mild) 

. . 30,000,000 

„ (3 per cent. Nickel, 1*3 per cent. 

Chromium) 36,100,000 

„ (12 ‘5 per cent. Chromium) 

. . 43,600,000 

Timber 

1,000,000 to 2,000,000 

Tin (cast) 

5,000,000 

Zinc 

.. 11,500,000 


TABLE IX. — ^Coefficients of Linear Expansion per Degree Centigrade 

(0® TO 100'’). 


Aluminium . , 


. . 0-000022 

„ Alloy castings , . 


. . 0-000026 

Brass (cast) . . . . 


. . 0-000019 

„ (wire or sheet) . . 


. . 0-000019 

Copper 


. . 0-000017 

Firebrick . . . . . . 


. . 0-0000049 

Iron (cast) . . 


.. 0-000011 

„ (wrought) 


. . 0-000012 

Lead 


. . 0-000027 

Nickel 


. . 0-000010 

Steel (hard) . . . . . . 


.. 0-000012 

» (cast) 


.. 0*000011 

Tin (cast) 


. . 0-000023 

Water 


. . 0-000158 

Zinc (cast) . . 


.. 0-000030 
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TABLE X. — Weights of Materials. 



Lbs. per cu. in. 

Lbs. per. ca. ft. 

Specific gravity; 

Aluminium (rolled) .. 

00964 

167 

2*67 

„ . (cast) . . 

0*0925 

160 

2*56 

V„ alloy (12 per cent. Copper) . . 

0102-0-106 

— 

2-83-2-94 

„ bronze . . . . . . . . | 

0*278 

480 

7*68 

Babbit metal . . . . . . . . i 

0*2605 

450 

7*5 

Brass (cast) (60 : 40) . . . . . . | 

0*302 

524 

8-40 

Bronze (70:30) . . . . . , . . 1 

0*3195 

553 

8*85 

Chromium . . . . . . . . • ! 

0-2347 

405 

6*5 

Copper . . . . . . ' 

0*3190 

553 

8*87 

Delta Metal (rolled) . . . . . . j 

0*3045 

527 

8*45 

Duralumin . . . . . . . . I 

0*101 

174 

2*8 

Gunmetal (90 : 10) . . . . • • ' 

0-307 

530*6 

8*50 

Iron (cast) . . . . . . i 

0*2605 1 

i 450 

7*21 

„ (Pig No. 3) 1 

0*2575 

445 

' - 7*126 

„ (Pig No. 1) 1 

0*258 j 

446 

7*137 

„ (wrought) j 

0-2834 I 

489 

7*85 

Lead (cast) . . . . . . . . . . ! 

0-4104 i 

709 

11*36 

Manganese Bronze . . . . . . . . i 

0*301 

520 

8*3 

Monel Metal (cast) . . . . • • ! 

0-319 

550 

8*87 

„ „ (roUed) j 

0-323 ; 

! 558 

8*98 

Muntz metal (rolled) . . . . . . i 

0-303 1 

! 524 

8*4 

Nickel i 

0-3177 j 

549 

8*8 

Phosphor Bronze (cast) . . . . . . i 

0-3107 ! 

537 

8*6 

Steel (average) . . . . . . • • i 

0*2816 

489*5 

7*85 

Tin (cast) . . . , . . . . . . j 

0 265 

459 1 

7*35 

Zinc (cast) , . . . . . . , . • i 

0-2472 

428 1 

6*86 


TABLE XI. — ^Melting Points of Metals and Alloys. 


Aluminium 

„ Bronze 
Bronze (85 : 10 : 5) 
Babbit metal 
Breuss (naval) 

„ (yeUow) .. 

; Chromium 
Copper .. ^ 

Gun metal (88 : 10 : 2) 
Iron (pure) 

„ (pure white) 

.. (g*»ypig) •• 

« (grey tege pig) 
Lead , . . . . 

Magnesium 
Manganese 
Manganese Bronze 
Monel Metal 
Nickel 

PhosjE^or Bronze 
Silver . . . . 

Steel (mild) ... 

Tin .... 
-Zinc ; ; . , >. 


Degs. C. 


859 

1037 

980 

227 

855 

895 

1510 

1083 

995 

1530 

1135 

1240 

1220 

327 

650 

1230 

870 

1360 

1452 

972 

901 

1510 

232 

420 


Degs. P. 


1220 

1900 

1800 

440 

1570 

1640 

2750 

1980 

1820 

2788 

2070 

.2280 

2230 

:.621 

1200 

2249 

1600 

2490 

2650 

1800 

1760 

2750 

450 

790 
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TABLE XII. — Contraction of Castings. 


Aluminium 
Brass (thin) 

„ (thick) 

Copper 

Cast-iron pipes . . 

Delta metal 
Gu^metal rods . . 

Lead 

Malleable C.I. “ white heart ” 
„ „ “ black heart ” 

Manganese Bronze 
Monel Metal 

St-eel 

Tin 

Zinc . . . . 


per foot 
in 9 inches 
I'' in 10 inches 
A" per foot 
¥ 


3 

Tff »» 

J" in 9 inches 
per foot 

3L" 


>> 


¥ 

¥ 


3 " 


¥ 


TB 
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TABLE XIII. — Specific Heat and Heat Conductivity of Metals and Alloys. 


■ 

Specific Heat at 0® C. 

Heat Conductivity 
(Silver =100). 

Aluminium 

0-2220 

35-0 

Brass 

0-0890 

— 

Chromium 

0-1023 

— 

Copper . . 

0-1008 

92-0 

Gunmetal 

0-0952 

— 

Iron (pure) 

0-1054 

16-0 

„ (cast white) . . . . 

0-1298 


• „ (cast grey) 

0-1216 


„ (wrought) 

0-1146 

— 

Lead . . . . . . . , 

0-0359 

1 8-5 

Magnesium 

0-2500 

34-3 

Manganese . . . . . . , . 

0-1204 

^ — 

Mercury . . 

0-0334 

I 5-3 

Nickel . . . . ; . . . . . 

0-1095 

14-0 

Blatinum ... . . . . , . 

0-0312 

37-9 

Silver .... . . . . 

0-0572 

100-0 

Steel, cast (hardj . . 

0-1185 

— ’ 

,, - „ (soft) 

0-1166 1 

i — . 

Steel (mild) 

0-1158 

— ’ 

T in . . . . . . , . . 

I 0-0683 

15-2 

Zinc .... . . ; . 

1 ' 0-0877 ! 

26-3 
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TABLE XIV. — ^Table showing conversion op Tons per Square Inch into 
Kilogrammes per Square Millimetre. 


Tons per sq. io. 

Kilos per sq. mm 

Tons per sq. in. j 

Kilos per sq.mm. 

Tons per sq. in. | 

Kilos per sq. mm. 


10*00 


15*75 


40*00 


63*00 


70*00 


110*24 


11*00 


17*32 


41*00 


64*67 


71*00 


111*82 


12*00 


18*90 


42*00 


66*15 


72*00 


113*40 


13*00 


20*47 


43*00 


67*72 


73*00 


114*97 


14*00 


22*05 


44*00 


69*30 


74*00 


116*64 


15*00 


23*62 


45*00 


70*87 


75*00 


118*12 


1600 


25*20 


46*00 


72*45 


76*00 


119*70 


17*00 


26*77 


47*00 


74*02 


77*00 


121*27 


18*00 


28*36 


48*00 


75*60 


78*00 


122-84 


19*00 


29*92 


49*00 


77*17 


79*00 


124*42 


20*00 


31*50 


60*00 


78*76 


80-00 


126*00 


21*00 


33*07 


51*00 


80*33 


81*00 


127*57 


22*00 


34*65 


62*00 


81*90 


82*00 


129*14 


23*00 


36*22 


53*00 


83*47 


83*00 


130*72 


24*00 


37*80 


54*00 


85*04 


84*00 


132*30 


26*00 


39*37 


55*00 


86*62 


86*00 


133*87 


26*00 


40*95 


56*00 


88*20 


86*00 


135*44 


27*00 


42*52 


57*00 


89*77 


87*00 


137*02 


28*00 


44*10 


58*00 


91*34 


88*00 


138*60 


29*00 


45*67 


59*00 


92-92 


89-00 


140*17 


30*00 


47*25 


60*00 


94*50 


90*00 


141*74 


31*00 


48*82 


61*00 


96*07 


91*00 


143*32 


32*00 


50*40 


62*00 


97*64 


92*00 


144*90 


33*00 


51*97 


63*00 


99*22 


93*00 


146*47 


34*00 


53*55 


64*00 

100*80 


94*00 


148*04 


36*00 


55*12 


65*00 

102-37 


95*00 


149*62 


. 36*00 


56*70 


66*00 

103*94 


96*00 


151*20 


37*00 


68*27 


67*00 

105*52 


97-00 


152*77 


38*00 


59*85 


68*00 

107*10 


98*00 


154*34 


39*00 


61*42 


69*00 

108*67 


99*00 


165*92 









100*00 


157*50 



Kilos per 

Square Mm.— 

-Tons per Square Inch 



Kilos. Tons. 

Kilos. Tons. 

Kilos. Tons. 

Kilos. Tons. 

Kilos. Tons. 

Kilos. Tons. 

10 

. . 6*35 

26 

.. 16*44 

41 

.. 26*03 

56 

.. 35*56 

71 

.. 45*08 

86 

.. 54*50 

11 

. . 6*98 

27 

.. 17*07 

42 

.. 26*665 

67 

.. 36*195 

72 

.. 45*72 

87 

.. 65*20 

12 

.. 7*62 

28 

... 17*70 

43 

.. 27*30 

58 

.. 36*85 

73 

.. 46*35 

88 

.. 65*70 

13 

.. 8*25 

29 

.. 18*34 

44 

.. 27 935 

59 

.. 37*48 

74 

.. 46*99 

89 

.. 66*40 

14 

. . 8*89 

30 

.. 19*05 

46 

.. 28*57 

60 

.. 38*10 

76 

.. 47*62 

90 

.. 67-16 

15 

. . 9 *51 

31 

.. 19*68 

46 

.. 29*25 

61 

.. 38*75 

76 

.. 48*26 

91 

.. 57*60 

16 

.. 10*14 

32 

.. 20*32 

47 

.. 29*846 

62 

.. 39*39 

77 

.. 48*89 

92 

.. 58*30 

17 

.. 10*77 

33 

.. 20*95 

48 

.. 30-47 

63 

., 40 00 

78 

.. 49*52 

93 

.. 58*90 

18 

.. 11*40 

34 

.. 21*58 

49 

.. 31*11 

64 

.. 40*64 

79 

.. 60*16 

94 

.. 59*60 

19 

.. 12*03 

35 

.. 22*21 

50 

.. 31*76 

65 

.. 41*27 

80 

.. 50*80 

95 

.. 60*20 

20 

.. 12*70 

36 

.. 22*96 

51 

.. 32*38 

66 

.. 41*91 

81 

.. 51*50 

96 

.. 60*80 

21 

.. 13*30 

37 

.. 23*48 

52 

. . 33*02 

67 

.. 42*54 

82 

.. 62*00 

97 

.. 61*40 

22 

.. ia '90 

38 

.. 24*10 

53 

., 33*65 

68 

.. 43*18 

83 

.. 52*60 

98 

.. 62-00 

23 

.. 14*56 

39 

.. 24*73 

54 

.. 34*29 

69 

.. 43*81 

84 

.. 53*30 

99 

.. 62*80 

24 

.. 15*20 

40 

.. 26*40 

55 

.. 34*92 

70 

.. 44*45 

85 

.. 63*80 

100 

.. 63 * 60 , 

26 

.. 16*876 












Tons X 1 *575 =sKilos per sq. mm. 

Kilos per sq. mm. x 0*6369= Tons per sq. in. 
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TABLE XV. — ^TabIiE op Chemicai. Symboi<8 and Atomic Weights op Pbincipax 

Metals, etc. * 


Element. 

Symbol. 

Atomic Weight. 

Aluminium 





A1 

27T 

Antimony - 





Sb 

120-2 

Arsenic 





As 

74-96 

Bismuth 





Bi 

208-0 

Cadmium 





Cd 

112-4 

Carbon 





C 

12-0 

Chromium 





Cr 

62-0 

Cobalt 





Co 

68-97 

Copper .. 





Cu 

63-67 

Gold . . 





Au 

197-2 

Hydrogen 





H 

1-008 

Iridium 





Ir 

193-1 

Iron 





Fe 

66-84 

Lead 





Pb 

207-10 

Magnesium 





Mg 

24-32 

Manganese 





Mn 

64-93 

Merciuy 





Hg 

200-6 

Molybdenum 





Mo 

96-0 

Nickel . . 





Ni 

68-68 

Nitrogen 





N 

14-01 

Oxygen 





O 

16-00 , 

Palladium 





Pd 

106-7 

Phosphorus 





P 

31-04 

Platinum 





Pt 

196-2 

Potassium 





K 

39-1 

Rhodium 





Rh 

102-9 

Silicon . . 





Si 

28-3 

Silver . . 





Ag 

107-88 

Sodium 





Na 

23-00 

Sulphur 





S 

32-07 

Tin 





Sn 

119-0 

Titanium 





Ti 

48-1 

Tungsten 





W 

184-0 

Vanadium 





V 

61-0 

Zinc 





Zn 

66-37 




APPENDIX I 


TEST SHEETS 


The preparation of test sheet forms is often done in a very incomplete manner, 
with the result that the forms have to be revised subsequently to provide the * 
extra information necessary for the departments concerned, or to set out the 
results in a more convenient form. 

The schedule given below is intended to be used as a guide for the drawing 
up of new test sheets. It is realised that modifications wiU be necessary to 
give other information in some cases, and that in others, many of the headings 
will be found unnecessary, but in all essential particulars this form of test 
sheet will be found useful. 

It is divided into five sections. The first section contains all particulars 
necessary for identifying the consignment from which the samples are taken, 
and wiU be fiUed in from the Delivery Note or Storekeeper’s Book. The 
Material Mark is allocated by the laboratory on the results of the physical 
tests and analysis, but is included in this section because it is to b^: impressed 
on all the articles in the consignment, and therefore forms part of the description 
of the material. 

The second section gives particulars of the number of test pieces required 
for each test. The practice of printing in aU the headings and crossing out 
the tests not required, is deliberately discarded, as it is found in practice 
that the crossing out is neglected, and that this part of the sheet falls into 
disuse. 

_ The third section contains all the test results. The calculated figures 
v^iich are required for comparison with other tests, are kept well away from 
the observed results, so that there can be no confusion, and the specification 
figures are put close to the former for convenience and speed in making the 
necessary comparisons and references. It will be noted that provision is 
made for four sets of test results, but, of course, more spaces can be left, if 
-required. 

The fourth section gives the names of observers and witnesses (the latter is 
importtot when tests for other firms or Government Departments are made) 
and acts as an acceptance or rejection note for the Inspection Department (if 
: Uecessary). 

The dates of receipt, machining, testing, and accepting the consignment 
are also mduded, so that any delay in dealing with a series of tests can be 
eadly ddbeoted and traced. ♦ 
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506 mTERIALS AND DESIGN 


PHYSICAL TEST SHEET 
Description op Material 

Makers. Red Forging Stamping Go., B^ham. 
Kind of Material. Steel Stampings (Prop. Shafts) 
Size and Shape. 

Condition of Material. Heat Treated 
Heat Treated by Albion Heat Treating Co. 
Quantity. 100 


No. 1S65 
Date 14/8/19 
Order No. A2160 
Bond No. 3349 
Material Mark XY53 
Previous Test No. — 

For Part No. S179 
Shop Order No. P412 


Test Pieces 


Testa required. 

Tension. 

1 Impact.! Brinell. j Twist. 

Bend. 

Flatten. 

Drift. 

Fracture. 

No. of Tests 

4 \ — 

4 \ 4 — 




8 

Dia. of Test Piece — 
Ins. 

0-564 — 

i ; 

1 — — 





Area of Test Piece — 
Sq. In. 

0-25 : — 

— ' — — 

! — 

— : 

— 

— 


Form of Part from which Test Piece is Cut. End of Stamping 
Condition of Test Piece — (1) as Cut : Heat Treated (2) When Tested : 
Date Machined (Finished). 15/8/19 


Test Results. Specification No. K1 










i 

Speciflca- 

■ 

Re- 


Actual Figures. 

I 

Test. 

Calculated Figures, j 

1 

1 

tion 

Figures. l 

marks. 

13'15 

1 

1 

12-3 \u-3 

13-45 

Tons/D' 

i : 

52-649-2.51-2 

op 

50 '' 


15-35 

14-65 

16-3 

15-85 

. „ Ultimate „ 

61-156-065-2 

63-4 

60 


0-40 

0-44 

0-36 

0-40 i 

i 

( „ Elongation \o, 

\ „ Cemprccsisn/ 

20 

22 

18 

20 

17 ’ 

on 2" 

0-425 

0-405 

0-435 

0-420 

( „ Reduction! of area! 

\ „ Inoroasc / % / 

43 

48 

40 

44 

40 


45 

58 

38 

35 

Impact, Ft. -Lbs. 

45 

58 

38 

35 

35 


3-7 

3-8 

3-5 

3-5 

Brinell Impression, mm. dia. 

3-7 

3-8 

3-5 

3-6 

'3-4-37 


269 

255 

302 

286 

„ Number 

269 

255 302 

286 

321-269 






; Twist (No. of Turns, or Angle) 
Bend, Radius 

„ Angle 

Flatten. 

Drift. 





; 





\ 

Fracture. 

1 

F 

F 

F 

F 




General Remarks. Fractures fibrous generally, hut No. 4 shows signs of overheating. 


Tests Made by P. T. Sherlock 
,, Witnessed by T. M. Withers 
,, Passed by L. Boyne 


Bate 16/8/19 

i Accepted 
?€ ■ 

Rojo e i e d 

Signed R. F. Wakman, 
Date 16/8/19 


Inspector 



INDEX 


Abrasion tests, 87 

Accuracy of tensile testing machines, 28' 
Acid steels, 122, 245 
Acid versus basic steels, 245 
Admiralty gunmetal, composition of, 149 
Aero-engine cylinder castings, 388 
Aeroplane fabrics, 459 
Ageing effect in aluminium-zinc alloys, 389 
,, „ with zinc alloys, 384 

Aich metal, 411 
Air blast quenching, 194 
Air-hardening, 211, 298 

„ nickel-chrome steel, 297, 298 

,, steels, annealing, 204 

« „ steels, stainless, 281 

Allotropic changes in iron, 107 
Alloy steels, 126, 264 

„ „ annealing, 204 

„ heating and forging, 182 

„ „ special, 304 

„ „ strength of, at high temper- 

atures, 311 

,, „ temper brittleness in, 285 

„ versus carbon steel, 264 

Alloys, aluminium, 384 

„ aluminimn-copper, 385 
,, aluminium-magnesium, 392 
„ aluminium-zinc, 389 
„ aluminium-zinc-copper, 390 v 
„ bearing, 419 
„ bronze, 393 

„ copper, 393 

„ cupro-nickel, 414 
„ die-casting, 382 
„ eutectic, 99 

„ fusible, 416 

„ nickel- chromium, 415 
„ non-ferrous, 378 

Alpha constituent in tin-copper alloys, 149 
,, iron, 107 
Alternating stresses, 6 
Aluminium, 374 

„ annealing of, 237, 376 
„ effect of temperature on 
strength, 376 

,, etching reagents for, 95 
‘ extruded, 417 

, impurities and microstructure, 

140 


Aluminium, influence of, on copper alloys, 
155 

„ sheet, 471 

„ „ hardness of, 238 

„ „ pressing qualities, 238 

Aluminium alloys, 143, 384 

„ „ casting temperatures, 146 

„ „ composition and micro- 

structure, 143 

„ „ defects due to blow-holes 

and dross, 170 

„ „ “ dui'alumin,” 144, 391 

„ „ etching reagents for, 95 

„ „ heat treatment of, 238 

„ „ pouring temperatures, 385 

„ „ rate of cooling, 385 

„ „ testing of, 385 

„ brass, 411 

„ bronze, composition of, 149, 155, 
402 

„ „ defective casting, 170 

„ „ general properties of, 

402 

„ „ heat treatment of, 241, 

403 

„ „ influence of aluminium, 

155 

„ „ microstructure, 156 

Aluminium- copper alloys, 143, 385 
Aluminium-magnesium alloys, 144, 392 
Aluminimn-manganese alloys, 144 
Aluminium- zinc alloys, 143, 389 
Aluminium-zinc alloys, effect of temperature 
on strength, 390 

Aluminium-zinc-copper alloys, 390 
Annealing air-hardening steel, 298 

„ alloy steels, 204 ; 

„ aluminium, 237, 376 

„ carbon, in malleable cast-iron, 134 

„ carburised steel, 204 

„ of case-hardening steels, 322 

„ cast-iron, 357 

„ cold- worked steel, 117 

„ copper, 237 

„ duralumin, 238 

„ gunmetal, 240 

„ high chromium steel, 281 

,, iron and steel castings, 235 

„ malleable castings, 364, 367 


607 



008 

INDEX 

Annealing nickel steel, 273 

»> overheated steel, 203 

.. nickel-ohromimn alloy, 

» praotical considerations, 202 

” . theoretical considerations, 

castings, malleable iron 

^ti-^b^^g compounds, 217 
Anti-fnction alloys, 420, 425 

Aiitimony, influence!^^-™® reagents for, 95 
Amorphous material, forSo„ ofin 

it^ost,^Xoro;47r’ 

Austenitef^efcit/onTol 

Auto^i^.nh^''' recorde^r, 44 

260 ' * engine forgings, steel for, 254, 

Auto pimch, 86 
Axles, steel, drop tests, 65 

” 275, 290, 293, 294, 

« - swivel, steel for, 260 


Babbit metal, 434 

«all bearings, steel for, 280 

u? 308 

340, 342 ^ °®®®-l*®rdening steel for. 
Balloon fabric, 459 

nded structure, m^c^e-hardening steel, 

'“l26®i’.7"®’ ^23, 125, 
BMds m steel due to segregation 12S 
Bar testmg machine, 355 ^ 

Basic steel, 122, 245 
,, t>ersus acid steels, 245 
Baths, molten metal, 209 
salt, 209 

Bearing alloy, detrimental influence of zinc, 

„ ^oys, compression tests, 424 431 

” 307, 398, 422, 425 ’ 

metals, pneral considerations, 419 
list of, 434 

, alinninimn alloy, 431 
brass, ,425 
cast-iron, 422 
c^tmg white metal, 429 
friction and wear of lead bronzes, 

lead bronze, 400 
.phosphor bronze, 424 
tests for, 431 : ' 


Bearings, wearing properties bf steel, 420 
^^^ti-friction alloys, 425 
Beilby s theory of cold working, 100, 117 
Bend tests, 34 * 

Bend tests on timber, 454 
Bending machines, repeated, 39 
»» stress, 3, 7 

in tin-copper alloys, 150 

Billet steel, 246 

Bismuth, influence of, in copper, 141 

Black malleable castings, 133, 363,366 
xsiack rolled bar steel, 246 
Blow-holes, in castings, 171, 446 
tJlue reeled bar steel, 246 

Boiler safety plugs, use of fusible alloy for 
416 ’ 

»» tubes in brass, 410 
olts and nuts, manganese bronze, 402 
Bolts, naval brass, 409 
Brackets, cast-iron, 349 
Brake lining, 464 

Brass, cast, composition of, 149 407 
>, castings, 406 

bearing properties, 425 
„ cold rolled, 409 
» delta metal, 411 
» drop stampings, 408 
” temperature on strength of, 

>, etching reagents for, 95 
extruded, 417 

» general properties of, 404, 407 
» hardness of, 89, 497 
», heat treatment of, 237, 408 
„ high, composition of, 149, 407 
»> high tensile, 411 
»> hot rolled and forged, 408. 

>» impurities and additions, 405 

« low, composition of, 149, 407 

», "^p^hining properties of, 409 
« microstructure of, 153 
naval, 409 

»> poiu-ing temperatures for, 408 
« season cracking in, 410 
», sheet, 470 
„ stampings, 408 
Brazmg spelter, 416 
,, sheet steel, 469 
Bndge bearings in bronze, 398 
Mght drawn steel, 246 

. ” , »> cold . worl^cr, 100 
„ ^turned steel bars, 247 
Brme for quenching, 195 
rmell hardness of case-hardened steel, 321 
” »» numbers, table of, 494 " ' 

« test, 73, 356, 450 v V 
»» testing machine, 74 ^ 

V ®f white metals. 432 ~ - 

Bnttleness m copper, 142 ^ ^ 

<^^-hatdened 

Bronze ftlinva U '7' Oftn *»#v« 
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Br6nze, g^luminium, 149, 165, 402 

„ effect of temperature on strength, 
397 

etching reagents for, 95 
„ lead, 400 
„ manganese, 400 
„ phosphor, 149, 397 
„ plain, 396 
Bronze bearings, 422 

Bronzes, approximate composition of, 149, 
398 

- „ heat treatment of, 239 
„ impurities in, 399 
,, list of, 398 
Bullet-ease metal, 415 
Burnt steel, 115 

„ micrographs of, 163, 164 

Bursting test on fabric, 464 


Cables, steel, 489 

Calibration of tensile testing machines, 28 
Camshafts, hardening of, 332 

„ use of case-hardening steel for, 
339, 340, 343, 344, 345 
Carbide of iron, 103 
Carbon in cast iron, 130 
Carbon, depth of, in case-hardened steel, 334 
influence of, in steel, 121 
„ in malleable cast-iron, 134, 167 

„ „ steel castings, 137 

Carbon st^ls, classification of, 243 

„ ,, effect of temperature on 

strength, 262 

Carburettor parts, aluminium alloy, 388 
Carburising, anti-compoimds, 217, 337 
„ case-hardening steel, 323 

„ compounds, influence of sul- 

phur and phosphorus, 214 
„ compounds, liquid, 227 

solid, 213 

„ operation, practical considera- 
tions, 217 
„ pots, 217 

,, process, the, 213 

„ temperatures, 219 
Case-hardening, 212 

„ cyanide compoimds, 227 

,, free cementite in “case,” 

223 

„ high carbon case, 223 

„ quenching treatments, 221 

„ refining treatments for, 221 

„ simple treatments, 226 

steel, 212, 314, 321, 338 
,, „ carbon in case, 334 

,, ,, cracks in, 167, 329 

,, , ,, defects found in raw 

material, 318 

- „ ' „ distortion of, 326 

,, . . „ faulty deingn, 331 

’ forging temperatures, 

: 320 


Case-hardening steel, fractures of, 440;frf^- 
„ „ free oementite incase, 

331 

„ „ grinding allowance, 

338 

„ „ grinding operation, 

328 

„ „ hardness due to chro- 

mium, 324, 
338 

„ „ „ of case, 333, 

336, 439 

,, „ heat treatment con- 

siderations, 322 

„ „ heat treatment limits, 

316 

„ „ heat treatments for, 

339, 347 

„ „ importance of harden- 

„ „ ii^ temperature, 332 

„ „ importance of limiting 

carbon content, 316 
„ „ influence of manga- 

nese, 317 

„ „ „ phospho - 

rus, 317 

„ „ „ silicon, 

318 

„ „ ,, slag, 318, 

319 

„ „ „ sulphur, 

317 

„ machining properties, 
321 

„ „ overheating of, 331 

„ „ peeling of case, 317, 

318 

„ „ quenching media for, 

324, 327, 335 

„ „ screw threads, 331 

„ „ selection of, 314 

„ „ soft spots in case, 317, 

333, 337 

„ „ specifications for, 338 

„ „ straightening opera- 

tion, 332 

„ „ strength of core, 327 

„ „ tempering of, 326 

„ „ wearing properties of, 

338 

„ troubles, 441 

Casting temperature, importance of, in non- 
ferrous alloys, 379 

„ „ influence of, on cast- 

iron, 131, 350 

„ „ for aluminium alloys, 

146 

„ „ for steel castings, 368 

Castings, aluminium brass, 412 
„ ,, bronze, 404 

„ ,, copper, 386 

„ ,, zinc, 389 ^ 

' „ „ zinc-copper, 391 
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Ceistings, black-hecirt malleable iron, 366 
brass, 406 
centrifugal, 351 
chill, 362 

choice of material for, 370 
contraction, 353, 368 
defects in, 446 
delta metal, 413 
durability and reliability, 371 
malleable iron, 363 
semi-steel, 361 
steel, 368 

white-heart malleable iron, 363 
Cast iron, 129, 348 

bearings, 422 
centrifugal castings, 351 
chill castings, 352 
composition and microstructure, 
129, 348 

effect of temperature on strength, 
356 

for internal combustion engines, 
360 

growth of, 358 
heat treatment of, 235, 357 
influence of casting temperature, 
131, 350 

influence of constituents, 349 

„ „ cooling rate, 131 

„ „ manganese, 133 

„ „ sulphiu*, 133 

malleable, 133, 363 
shrinkage and contraction, 353 
sponginess in, 353 
strength of, 354 
Cement, Portland, 465 
Cementite, definition of, 103 
„ formation of, 174 
,, in case of case-hardened steel, 
224 

„ spheroidal, 103, 225 
Centrifugal castings in grey iron, 351 
Chains, tests on, 488 
Change points, in pure iron, 107 
„ „ „ steel, 107 

Charpy impact testing machine, 59 
Chassis frames, steel for, 251 

„ „ use of molybdenum steel, 

306 

Chemical composition of materials, 90 

,, symbols of principal elements, 503 

Chill castings, grey iron, 352 
Chilled cast iron for bearing surfaces, 422 
Chrome-nickel-molybdenum steel, 306 
Chrome-vanadium steel, 299 

„ „ heat treatment of, 

300 

„ „ classification of, 

300 

Chrome- vanadium-molybdenum steel, 306 
Chromium, influence of, in chrome-vana- 
dium steel, 29^ 
,, „ „ in steel, 127, 277 


Chromium steel, 276 

„ „ annealing of, 281 

„ „ heat treatment of, 278 

„ „ strength of, at high tern 

peratures, 311 

Cleanliness during heat treatment, 195 
Cleavage planes in crystal grains, 96, 117 
Cocks and taps in brass, 406 
Cold rolls, steel for, 276 
,, shortness in steel, 123 
,, working, 100, 167 

,, „ effects due to drawing and 

rolling, 246 

„ „ of steel, 117, 246 

Cold- worked steel, micrograph of, 166 
Compression, 3, 6, 34 
Compression testing, 34 

„ tests on bearing metals, 431 

„ „ cement, 467 

„ ,, timber, 452 

Condenser tubes in brass, 410 
Connecting rods, steel for, 251, 254, 260, 290, 
292, 293, 294, 296, 297 
Constantan alloy, 149, 415 
Contraction allowances for patterns, 501 
,, of iron castings, 353 
Cooling and heating of steel, 104, 110, 113 
„ methods in annealing, 203 
„ or quenching, 194 
,, rate, effect of, on cast iron, 131 

„ „ influence of, on aluminium 

alloys, 146, 385 

„ „ importance of, with steel; 175 

„ „ non-ferrous alloys, 379 

Cooling, rate of, 113 
Copper, 376 

„ annealing of, 237 
,, brittleness in, 142 

„ effect of temperature on strength, 

378 

„ etching reagents for, 95 
„ extruded, 417 

„ impurities in, 141 

„ influence of, in aluminium, 140 
„ „ antimony, 143 

„ „ arsenic, 142 

„ „ bismuth, 141 

„ „ iron, 143 

,• ,, lead, 142 

„ „ nickel, 143 

„ „ sulphur, 142 

„ micrograph showing oxide inclu- 
sions, 171 

„ oxygen and oxides, 142 

„ sheet, 471 

„ tests for quality, 377 
„ alloys, 147, 393 

etching reagents for, 95 
influence of iron, 154 
lead, 15.2 

„ manganese, 154 
„ phosphorus, 150 

„ tin, 149 
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Copper alloys, influence of various constitu- | 
ents, 147 

,, „ ,, zinc, 153 

„ plating to prevent carburisation of 
steel, 337, 442 

Copper-tin alloys, alpha, beta, and delta 
constituents, 149, 150 
Core, refining of, after carburising, 221 
Corrosion of brass, 409 

„ „ chromium steel, 277, 281 

,, „ cupro-nickel alloys, 414 

,, ,, ferrous castings, 371 

„ „ manganese bronze, 400 

,, ,, nickel-chromium alloys, 415 

Cracking, season, in non-ferrous alloys, 403, 
410 

Cracks, caused by slag inclusions, 124 

„ cause of, in case-hardened steel, 
329 

,, grinding, in case-hardened steel, 169, 
317 

,, heat treatment, influence of man- 
ganese, 122, 195 

,, in case hardened steel, 167, 316, 
317, 323, 329, 442 
„ „ nickel-chrome steel, 286 

„ „ steel, 161, 162, 195, 323, 328 

Crank cases, use of aluminium allo}^ for, 
388, 391 

„ pins, steel for, 260 
Crank-shafts, forging of, 188 

„ • steel for, 251, 254, 259, 275, 
290, 292, 293, 294, 296 
Critical points in steel, 105, 197 
,, range diagram, 109 
„ ranges in pure iron, 106 

,, ,, ,, steel, 105, 197 

„ „ of nickel steels, 272 

,, ,, ,, nickel-chrome steel, 288 

Crusher jaws, use of manganese steel, 
308 

Crushers, steel for, 276 
Crushing machinery, steel for, 280 

„ rolls, use of manganese steel, 308 
Crystal grains, 97 

„ grain size in steel, 114 
Crystallisation, 96 

„ secondary, 100 

Cupric. reagent. Stead’s, 95 
Cupro-nickel alloys, 414 

,, „ effect of temperature 

on strength of, 415 

„ „ composition of, 149, 414 

Cutting properties and Brinell hardness, 206 
Cyanide baths, 227 
•Cylinder liners, aero-engine, 260 
„ „ cast-iron, 351 

Cylinders, aluminium alloys for, 388 
„ cast iron for, 350, 351 

„ Diesel engine, 360 

,, for aero-engines, steel for, 260 

„ hydraulic, use of i^mi-steeJ for, 
362 


Darcet’s alloy, 416 . 

Decalescence curves, 105 
De-carburisation during heat treatment, 196 
337 : 

Defects in materials, 156 
Deformation of grains due to cold working, 
117 

Deformations, elastic, 50 
„ plastic, 43 

Delta constituent in tin-copper alloys, 150 
„ metal, 411, 412, 418 

„ „ effect of temperature on 

strength of, 413 
„ „ extruded, 418 

De-oxidisers, use of in non-ferrous alloys, 
378 

De- oxidising action of, manganese in copper 
' alloys, 154 

„ „ phosphorus, 151 

„ ,, zinc, 153 

„ power of magnesium, 144 
Depth of hardening, 228, 335 
Design of die castings, 383 
„ objects of, 1 

Diagram, critical ranges for steel, 109 
„ equilibrium, 108, 109 
Diagrams of tensile tests, 47 
Die casting alloys, 382 
„ castings, 381, 404, 430 
„ „ aluminium-copper alloy, 387, 

388 

„ „ aluminium bronze, 404 

„ „ white anti-friction alloy, 430 

Diffusion In steel, 115, 177, 199 
Distortion, due to heat treatment, 229, 323, 
326 

„ „ to quenching, 195, 323, 326 

„ how to reduce, 234, 323, 326 
„ of grains in ste^, 117 . 

„ of malleable castings, 365, 366 

„ in case-hardened steel, 326 

„ with nickel steel, 268 

Double normalising of steel, 177, 200 
Drawing non-ferrous alloys, 383 
Drawn steel, hardness of, 246 
Dredgers, use of manganese steel for com- 
ponents, 308 

Drop stampings and forgings, 181, 443 
„ „ . defects in, 443 

„ tests, 485 

„ weight testing machines, 62 
Duralumin, composition and general proper- 
ties of, 144, 391 

„ heat treatment of, 238, 392 ^ 

„ microstructure of, 145 

„ sheet, 471 

Durana metal, 411, 414 
Dynamic penetration tests, 86 

„ strength and grain size, 114 
„ „ influence of “ grain flow,” 

187 

,, of case-hardening steels, 

323 
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Dynamic strength of nickel-chrome steel, 
283 

„ of steel, . importance of 
soaking time, 207, 209 
1^, „ of steel, influence of heat 

treatment, 179 

^ „ of steel, influence of slag, 

: 318 

Dynamo bearings, 433 

„ brush rockers, use of die castings, 
404 


Eden- Foster repeated impact tester, 41 
Electrical resistance alloys, 415 
Engine forgings, 251, 254, 259 
Engines, cast iron for internal combustion, 
360 

Equilibrium diagram for steel, 108, 109 
Erichsen depression tests on aluminium 
sheet, 238 

„ test on sheet metals, 470 
Etching reagents, 94 

European process, malleable castings, 363 
Eutectic alloys, 99 
Eutectoid steel, 111 
Eutectoids, 99 

Excavators, use of manganese steel, 308 
Exfoliation in case-hardening steel, 167, 323 
Expansion and contraction during heat 
treatment, 229, 231 
„ with temperature, 499 
Extensometers, 50 

Extruded metals and alloys, 384, 417 


Fabric testing machines, 459 
Fabrics, 459 
Factors of safety, 2, 5 

„ „ „ on timber, 459 

Fatigue toting, 38 
Faults in materials, 156 
Ferodo fabric, 464 
Ferrite, definition of, 103 
Fibrous structure in steel and iron, 124, 318 
File test of case-hardened steel, 333 
Finishing temperature for drop stamping, 

183 

„ „ „ forgings, 116 

Fire-box stays and plates, use of bronze, 397 
Flashes clipped from stampings, 444 
Flow of metal, 96, 185 
Fluxes for soldiering and braziug, 417 
Forging aluminium brass, 411 
> ,, ,j bronze, 402 

„ brass, 408 

„ ceise-hardening steel, 319 
„ chrome vanadium steel, 300 

„ chromium steel, 277 

„ crank-shafts, 188 . 

„ duralumin, 392 

„ flow of metal, 185 

„ gear-wheel blanks, 188 


Forging manganese bronze, 401 
„ „ steel, 308 

„ medium carbon steel, 251. 254 
„ mild steel, 249 
„ Monel metal, 414 

„ nickel steel, 267 

„ „ chrome steel, 285 

„ stainless steel, 281 

„ temperatures, 116 

„ ,, for case-hardening 

steels, 320 

„ defects in, 448 

,, importance of radii, 190 

Foundation plates, cast-iron, 349 
Fractures and their characteristics, 440 
Furnace conditions for heat treatment, 190 
Fusible alloys, 416 


Galvanised sheeting, steel for, 249 
Gamma iron, 107 
Gases in steel, 125 

Gauge length in tensile test pieces, 53 
Gear wheels, forging of, 188 
,, „ influence of grain on dynamic 

strength, 190 

Gears, aluminium brass, 411 
„ bronze, 397, 398 
„ case-hardening steel for, 340, 344, 
345, 442, 474 

„ chrome- vanadium steel, 300 

„ chromium steel, 276 
,, manganese steel, 309 

„ noiseless running of, 475 

,, practical considerations, 442, 474 
„ steel for, 275, 276, 279, 292, 294, 297, 
298 

„ tempering of nickel steel, 273 
German silver aUoy, 149, 415 
Ghost lines in steel, 162 
Glass-hardness, definition of, 334 
Glued joists in timber, 455 
Grain, direction of, in crankshafts, 188 

„ „ „ forgings, 185 

„ „ „ gear wheels, 188 

„ distortion or deformation, 117 

,, flow in metals, etching for, 96 
„ growth during annealing, 117 

,, „ exaggerated, 117 

-,, „ germinative temperature, 

119 

,, „ velodty'of, 118 

„ in steel, influence of, on d3niamic 
strength, 187 

„ size, effect of working, 115 
„ „ influence of chromium, 128 

„ „ „ „ temperature, 114 

> ; „ „ in steel, influence of annealing 

and normalising, 177 " 

Grains, 97 f 

Graphite m cast iron, 129 , 

Grinding allowances for case-hardened parts^ 
3gS ^ 
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Grinding cracks in case-hardened steel, 169 
- „ case-hardened steel, 328, 333 
Grips for tensile machines, 29 
Growth of C€tst iron, 358 
Guillery impact testing machine, 63 
Gim fittings in bronze, 398 
Gtmmetal, 149, 394: 

„ composition of, 149, 394 

„ effect of temperature on strength 

of, 395 

„ heat treatment of, 240 

„ influence of heat treatment, 395 


Hadfield, hardness tests, 83 
Hair lines or cracks in steel, 319 
Hardening effects due to drawing and 
rolling, 246 

„ of steel, theoretical considera- 

tions, 173, 178 

,, „ „ depth of, 228, 244, 335 

„ practical, considerations, 205 

„ temperatures for steel, 207 

Hardness and cutting properties, 206 

,, Brinell test, 77 

„ glass, definition of, 334 

„ influence of chromium on steel, 1 27 
of cast iron, 356 
,, „ chromium steel, 277 

„ „ case-hardened steel, 321, 333, 

336, 443 

,, „ manganese steel, 310 

„ Ludwick test, 73, 78 

„ measurements, 72, 205, 356, 450 

„ numbers, 494, 495 

„ „ Moore, 78 

,, penetration tests, 73 

„ scleroscope test, 79, 334 

Heat conductivity, influence of manganese 
in aluminium alloys, 

388 

,, of materials, 501 

tinting microscope specimens, 96 
treated alloy steel bars for automatic 
machines, 287 

„ parts, inspection of, 439 
treatment cracks, 167 
„ diagram, 176 

„ distortion effects, 229 

„ of aluminium, 237, 376 

„ „ „ . alloys, 238 

„ „ „ bronze, 241, 

403 

„ „ aluminium-copper alloys, 

389 • 

„ „ brass, 237, ,408 

„ „ bronzes, 239 

,, „ case-hardening steels, 

322, 327 

„ „ cast iron, 357 

,, „ chronuum steel, 278 

„ „ chronde-vanadiium steel, 

300, 301, 302^ 303, 


Heat treatment of copper and aluminium, 
237 

„ duralumin, 238 
„ gunmetal, 240, 395 
„ iron and steel castings, 
235 

„ large masses, 117 
„ manganese bronze, 401 
„ „ steel, 309 

„ medium carbon steel, 
252, 254 

„ mild steel, 248, 249 
„ nickel steel, 271 
„ „ chrome steel, 290, 

292, 293, 294, 295, 

296, 297 
„ springs, 261 
„ stainless steel and iron, 
282 

„ steel, 173 

„ „ practical con- 

siderations, 180 
„ „ castings, 369 

„ Tungsten steel, 305 
Heating of steel, changes that occur, 104, 
114 

Hot working of steel, 115 
Hubs, steeLfor, 260 

Hydraulic indicators for tensile machines, 31 
„ plant, use of manganese bronze 

for, 402 

„ pumps in brass, 408 

„ testing machines, 16 

„ valves, use of semi-steel for, 362 


Identification marks on materials, 436 
Impact tensile tests, 71 
„ testing, 55 

„ tests, effects of banded structure, 
125 

„ „ on gear wheels, 190 

„ „ „ timber, 455 

„ „ effects of slag, 125 

„ „ influence of “ soaking ” time, 

207, 209 

„ „ showing influence of grain 

flow, 187 

Impurities, behaviour of, 90, 99 

- „ effect of, on grain growth, 120 
Inspection of materials, 436 
„ „ timber, 451 

„ moral effect of , 9 
Internal combustion engines, cast iron for, 
360 

Ingot steel, structure of, 186 
Ingots, flaws in, 125, 126 
Iron, alpha state of, 107 
„ beta state of, 107 
„ castings, grey, 129, 348 
„ „ heat treatment of, 235 

„ „ malleable, 348 

„ etching reagents ios, 94 



INDEX 


Iron, gamma state of, 107 
99 grey cast, composition and micro- 
structnre, 129 
„ in aluminium, 140 

„ „ „ alloys, 146 

„ „ copper, 143 

^ „ „ „ alloys, 164 

„ „ delta metal, 164 

„ stainless, 281 
Izod impact testing machine, 66 

Keys and cotters, 260 
Knife-edges for testing machines, 23 
Krupp Krankheit effects in steel, 286 

Laminated steel, 126, 167, 267, 318 

„ structure in steel, micrograph of, 
167 . 

Laminations in nickel steel, 267 
Lamp reflectors in nickel silver, 416 
Lead bronze, 400 

„ „ bearing properties of, 422 

„ in aluminium alloys, 146 
„ influence of, in copper, 142 
„ „ „ „ alloys, 162 

Le Chatelier test, 467 
Liners for aero-engine cylinders, 260 
Lipowifcz’s alloy, 416 
Liquid carburising compounds, 227 
Locomotive bearings, 433 
Lubrication of bearings, 420 
Ludwik hardness test, 73, 78 

Machining air-hardening steel, annealing 
. treatment, 298 
,, aluminium alloys, 390 

„ brass, 406, 409 

,, bronze, influence of lead, 163 

„ case-hardening steels, 320 

„ cast iron, 357 

„ chrome vanadium steel, 300 

„ chromium steel, 277, 281 

„ malleable castings, 365 

„ mild steel, 261 

„ nickel chrome steel, 286 

„ phosphor bronze, 397 

, , properties, relationship with hard- 

ness 496 

„ »! steel, 206 

„ qualities of steel, improvement 

due to phosphorus, 123 
„ steel, special annealing process, 

204 

„ tests, 89 

Magnalium alloy, 392 
Magnesium-aluminium alloys, 392 
Magneto parts, use of aluminium alloys, 388 
,, spindles, use of nickel steel, 276 

Malleable cast iron, 133, 363 

,, „ defects in, 167, 366 

„ ,, influence of con- 

stituents, 136 


Malleable cast iron, summary of properties 
of, 367 

Manganese, influence of, in case-hardening 

steel, 317 

„ „ „ cast iron, 133 

„ „ „ copper alloys, 

154 

„ „ „ malleable cast 

iron, 136 

„ „ „ steel, 121 

„ „ „ „ .castings,138 

,, in manganese steel, 128 

„ brass, or bronze, composition of, 

149 

„ bronze, 154, 400 

„ „ drop stampings, 401 

„ „ effect of temperature on 

strength, 402 

„ ,, forging and rolling, 401 

„ „ general properties of, 

400 

„ „ heat treatment of, 401 

,, „ influence of constituents, 

401 

„ ,, microstructure, 154, 166 

,•, steel, 88, 128, 307 

„ „ heat treatment of, 309 

„ sulphide in steel, 121, 123,^317 

„ „ „ „ micrograph 

of, 161 

Manganin alloy, 415 

Manufactured material, inspection of, 438 
Marine work, use of aluminium brass, '411 
Martensite, definition of, 104 

„ how obtained, 174, 176 

Martensite-troostite change, 113 
Mass effect in heat treatment, 228, 244 
Materials, inspection of, 436 
Medium carbon steel, 251, 254 

„ „ „ forgings and drop 

stampings, 261, 264 
„ „ „ heat treatment of, 

243, 252, 264 

,, high and high carbon steels, 260 
Melting points of various materials, 500 
„ „ „ cast iron, influence of 

phosphorus, 133 
Micro-constituents of steel, 103 
Microscope and accessories, 92 
IVIicroscopic examination of materials, 91 
Microstruoture of aluminium, 140 
„ „ duralumin, 146 

„ „ malleable cast iron, 133 

„ „ steel, 102 

„ „ „ castings, 137 

Mild steel, 243, 248 

„ ,, forging and drop-stamping, 249 ' 

„ „ heat treatment of , 248, 249 

.,, „ machining qualities of , 261 

Moisture in timber, 462 
Molybdenum steel, 305 
Monel steel, 414 
Moore harness number. 78 
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Moulds for die castings, 382 
Multiple-lever testing machines, 14, 26 
Muntz metal, 149, 407, 408, 410 
„ „ test, 377 


Naval brass, 409 
Newton’s alloy, 416 
“ Nichrome ” alloy, 415 
Nickel in aluminium alloys, 146 
„ influence of, in copper, 143 

„ „ steel, 127, 267 

Nickel-chrome ratio, importance of, 286, 288, 
289 

„ „ steel, 283 

„ „ „ air-hardening, 297 

,, ,, ,, ,, ,, tenden- 

cies, 289 

„ „ „ classification of, 289 

„ „ ,, importance of quench- 

ing after toughening, 

285 

„ „ ,, influence of . nickel and 

chromium, 288 

,, „ „ low impact test values, 

284 

„ „ „ machining properties, 

286 

„ „ ,, strength of, at high 

temperatures, 311 
Nickel-chromium alloys, 415 
Nickel-copper alloys, 156, 414 
Nickel silver alloy, 415 
Nickel steel, 127, 265 

„ „ chromium in, 267 

„ ,, classification of, 268 

„ „ critical ranges of, 272 

„ „ forging of, 267 

,, ,, heat treatment of, 271 

„ „ non-magnetic quality, 276 

„ ,, strength of, at high tempera- 

ture, 311 

Non-ferrous metals and alloys, 374 
Normalising, double, 177, 200 

„ overheated steel, 200 

,, practical considerations, 196 

,, temperatures for steels, 198 

„ theoretical considerations, 176 

Oil quenching, 194, 256, 323 
Orientation of grains, 98 
Overheated steel, micrographs of, 162, 166 
Overheating during forging, 163, 181, 445 
Oxidation of steel during heat treatment, 
192, 196 

Oxide inclusions in steel, 115, 164 
Oxygen, influence of, in copper, 142 


Patenting process in wire manufacture, 262 
Pearlite, definition of, 103 

„ how obtained, 174, \15 


Peeling of “ case ” due to slag in steel, 124 
Pendulum indicators for tensile machines, 
31 

Penetration tests, dynamic, 86 
Phosphor-bronze, 149, 397 

„ „ composition of, 149 

„ „ microstructure, 151, 152 

Phosphorus areas, etching for, 95 

„ in carburising compounds, 214 
„ influence of, in case-hardening 
steel, 317 

„ „ „ cast iron, 131 

„ „ „ copper alloys, 

150 

„ „ „ malleable cast 

iron, 136 

„ „ „ steel, 122, 161 

» „ „ castings, 

138 

Pipes in ingots, 125 

Piston rings, cast iron for, 350, 351 

„ rods, practical considerations, 475 
„ „ steel for, 254 

„ valve liners, 351 
Pistons, alluminium alloy, 388 
,, cast iron for, 350 

„ practical considerations, 476 

Plastic deformation, 43, 100 
„ metal, 433 
Ply-wood, 456 

Polishing specimens for microscope, 93 
Porosity, cause of, 100 

,, of castings, remedy for, 448 
Portland cement, 4G5 
Potassium cyanide case-hardening, 227 
Pouring temperature, non-ferrous alloys, 
379, 385 

Pre-heating of sensitive steels, 197 
Pressings and cold stampings, 249 
Pressures, high water, use of semi-steel 
castings for, 362 

Propellers, use of manganese bronze for, 402 
Pump spindles, use of case-hardening steel 
for, 339, 340, 343 

„ „ „ ,, manganese bronze for, 

402 

Pumps, use of aluminium alloys, 388 
„ „ „ „ brass for, 411 

„ „ „ brass for, 407, 408 

„ „ „ bronze for, 397, 398 

„ „ „ cupro-nickel alloys for, 414 > 

,, „ „ Monel metal for, 415 

Pyrometer sheaths in nickel-chromium 
alloy, 415 

Pyrometers, 106, 192 


Quenching and quenching media, 194, 208, 
256 

„ methods, 195 

j, „ to reduce distortion, 

232 

„ rates with steel, 174 
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Bculiation pyrometers, 193 
Ba^, importance of, in stampings, 190 
Bails, use of manganese steel, 308 
Bcdlway axle bearings in bronze, 425 
„ rolling stock, materials for, 485 
„ tyres, 261 

Baw materials, inspection of, 437 
Beagents for etching, 94 
Beaumur process, malleable castings, 133, 
363 

Becal^cence curves, 105, 108 
Becarburising case-hardened parts, 442 
Becorder diagrams, 47 
Becording pjrrometers, 106 
Becrystallisation, 101 

„ temperature, 117 
Bed-shortness in steel, 123 
Beducing atmosphere in furnaces, 192 
Befining treatments for carburised steel, 
221 

Be-heating of hardened steel, 175, 176 
Bepairs, welding, 487 
Bepeated bending machine, 41 

„ impact testing machine, 41, 64 

„ tension tests, 39 

Besistance pyromecters, 193» 

Beverse bend tests, 469 
Bpaks in steel, 246, 318 
Bock crushers, use of chill castings, 352 
Boiler bearings, steel for, 280 

„ races, use of case-hardening steel 
for, 340, 342 

Rolling of steel, effects on structure, 186 
„ non-ferrous alloys, 383 
„ mill bearings, 433 
Rolls for grinding mills, 352 
„ „ rolling „ 352 

Ropes, wire, 489 
Bose’s alloy, 416 

Rotating-weight testing miachines, 63 


Safety factors, 2, 5 
Salt baths, 209 
Saturated steel. 111 

Scaling of steel during heat treatment, 196 
Sclerometer, 88 

Scleroscope hardness of case-hardened steels, 
336 

„ „ cast iron, 356 

„ „ various materials, 

^ 495 

„ ), . testing machine, 79 

Scragging test on. springs, 479, 482 
, Scratch test for hardness, 88 
Seams and l€uninations in nickel steel, 125, 
267, 285 

Season cracking, 383, 403, 410, 474 

„ „ in aluminium bronze, 403 

„ „ brass, 410 

,, „ rapid test for, 474 

Secondary crystallisation, 100 - 
Segregation in steel, 123, 126, 318 


Segregation in steel, micrographs of, 161, 162 
Selection of material, 3 
Self -hardening steels, 204, 211, 322 
„ „ annealing, 204 

Semi-steel castings, 348, 361 . ^ 

„ it for high water pressures, 

362 

Shafting, steel for, 251, 254 
Shafts, use of case-hardening steel for, 340, 
342, 343 
Shear stress, 6 

„ tests on glued joints, 456 
Sheet, aluminium, 375 

„ brass, 409 

„ bronze, 397, 398 

„ copper, 376 

„ duralumin, 392 

,, manganese bronze, 401 

,, plain, tinned, or galvanised, steel for, 
249 

„ steel, practical applications, 469 
Shop tests on heat-treated parts, 439 
Shore scleroscope, 79 

Shovels, steam, use of manganese steel, 308 
„ use of molybdenum steel, 306 
Silicon in aluminium alloys, 146 

„ influence of, in aluminitun, 140 
„ „ „ case-hardening steel, 

318 

„ „ „ cast iron, 131 

„ „ „ malleable cast iron, 

136 

„ „ - „ steel, 124, 127 

„ „ „ „ castings, 138 

„ steel, 127 

Slag, effect of, on impact tests, 124 

,, influence of, in case-hardening steel, 
318, 319 

„ „ „ steel, 124, 157, 187 

,, in steel castings, 139 
,, streaks in steel, micrographs of, 159, 
160 

Slipping in crystal grains, 100 
Soaking time for steel, 199, 202, 207, 209 
Soft spots in case-hardened steel, 317, 333, 
337 

Soldering fluxes, 417 
Solders, 416 
Solid solutions, 98 
Sorbite, definition of, 104 

„ how obtained, 174, 175 
Sorbite-pearlite change, 113 
Sorbitic treatment, 174 
Specific heat of materials; 501 
Specifications, drawing up, 492 
Specimens for microscope, 93 
Spheroidal oementite, 103 
Spilly brag^, 408 

Spindle, use of naval brass for, 409 
Spring 8t0el, tests on, 485 
Springs, 261 

„ chrome vanadium steel for, 300 

„ colied, -practical coxisideratior^ 482 
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f prings, laminated, practical consideration, 
'478 

„ Monel metal, 415 
„ testing of, 479 

,, Tungsten steel for, 305 

Sprinklers, fire, fusible metal for, 416 
Kponginess in die castings, 381 
^ »> »» grey iron castings, 353 

„ „ malleable castings, 365 

Spuey brcLSs, 408 
Stainless iron, 281 

„ steel, 277, 281 
Stampings, defects in, 443 

„ importance of radii, 190 
Standards, stanchions, etc., cast iron, 349 
Stanton repeated impact tester, 41, 62 
Stead’s cupric etching reagent, 95 
Steel, “ acid,” 122, 245 
Steel, air-hardening, 298 

„ ,, „ annealing of, 204 

„ alloy, 264 

„ annealing operation, 177 
„ „ of overheated, 203 

„ “ basic,” 122, 245 

„ bearing properties, 420 
„ bright drawn, hardness of, 246 
„ „ turned bars, 247 

,i burnt, micrographs of, 163, 164 
„ carbon, 121, 243 
„ case-hardening, 212, 314, 321, 338 
,, castings, 136, 368, 348 

„ tf ■' composition and micro- 

structure, 136 
„ „ contraction, 368 

„ „ heat treatment of, 235, 369 

„ „ influence of carbon, 137 

,, „ „ „ manganese, 138 

M ,, „ „ phosphorus, 138 

» f, . „ „ silicon, 138 

>> „ „ sulphur, 138 

„ „ slag in, 139 

„ change points, 107 
„ chemical composition, 121 
„ chrome-nickel-molybdenum, 306 
„ chrome- vanadium, 299 
„ chrome-vanadium-molybdenum, 306 
„ chromium, 127, 276 
„ classification of carbon, 243 
« ,, „ „ steels accord- 

ing to mechanical strength, 263 
„ cold shortness in, 123 
„ compositipn of, 121 
,, cooling of, 104, 108, 173 
cracks in, 161, 323, 328 
„ defects and faults in, 157 
„ diffusion in, 115 
„ effect of cold working, 167, 246 
»», >» »> temperature bn strength of 

carbon, 262, 311 
„ etching reagents for, 94 
„ forgings, tests on, 65 
„ form and finish, 246 
„ gases in, 123 


Steel, ground bars, 247 

„ heating and cooling of, 104 
„ heat treatment of, 173 
„ high carbon, 243, 260 
, influence of carbon, 121 
, „ chromium, 127, 277 

, „ iron, 121 

, „ manganese, 121 

, „ nickel, 127, 267 

, „ phosphorus, 122, 161 

, „ silicon, 124, 127 

, „ slag, 124 

, „ sulphur, 123 

, „ vanadium, 128 

, manganese, 128, 307 

medium carbon, 243, 251, 254 
„ high and high carbon, 260 
micro-constituents of, 103 
micrograph showing cold working, 
166 

micrographs of banded structure, 157, 
158 

microstructure of, 102 
mild, 243, 248 
molybdenum, 305 
nickel, 127,-265 
nickel-chrome, 283 
normalising operation, 176 
„ overheated, 200 

„ temperatures for, 198 

overheated, micrographs of, 162, 166 
overheating during forging, 181 
„ pressings and cold stampings, 249 
„ „ in molybdenum steel, 306 

„ “ red-shortness ” in, 123 

„ requiring preheating, 197 
„ roaks, laps, and cracks, 246 
„ saturated. 111 
„ seams in, 125 
„ segregation in, 123 
„ sheet, practical applications, 469 
„ silicon, 127 

,, slag streaks, micrographs of, 159, 160 
„ soaking heats, time for, 199, 202, 207 
„ special alloy, 304 
. ,, stainless, 277, 281 
,, sulphide inclusions or streaks, micro- 
graph of, 161 

„ tempering and toughening, 175, 209 
„ transitional constituents in, 104 
„ tungsten, 305 
„ vanadium, 128, 299 
,, wearing properties of, 420 
„ ^re ropes and cables, 489 
Sterro-metal, 411, 414 
Strain gradient due to cold working, 118 
„ measuring apparatus, 43 
„ plastic, 3 
Strains, elastic, 3 

Strength of copper, influence of arsenic, 142 
Stress, alternating, 6 
„ bending, 3 
„ compressive, 3 
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Stress, shearing, 3 
„ . tensile, 3 
„ . torsion, 3 
Stresses in castings, 370 
Studs, use of manganese bronze for, 402 
Sulphur in carburising compoimds, 215 
,, influence of, in case-hardening steel, 
317 

99 99 ' 99 cast iron, 133 

»» »» „ copper, 142 

99 99 99 malleable cast iron, 

136 

M „ „ steel, 123 

„ „ castings, 138 

„ in steel, micrograph of, 161 
Swivel axles, steel for, 260, 264 

Temper brittleness in alloy steels, 285 
Temperature, effect of, 100, 490 

,, ,, „ on strength of alloy 

steels, 311 

99 99 99 on strength of brass, 

410, 413, 415 

99 99 99 on strength of car- 

bon steels, 262 

99 99 9,9 on strength of cast 

iron, 356 

» „ „ on strength of 

copper, 378 

9 9 . 99 9 9 on strength of delta 

metal, 413 

»» „ „ on strength of gun- 

metal, 395, 413 
,, „ on strength of man- 

ganese bronze, 402, 
415 

„ „ on strength of Monel 

metal, 415 

99 99 99 on strength of phos- 

phor bronze, 397, 
413 

,, germinative, in grain growth, 

119 

„ gradient due to imequal heat- 

ing, 118 

„ influence of , on grairi size, 114 

»» ,, „ materials, 490 

„ limits, heat treatment of 

case-hardened steel, 324 
„ measurenient of, 193 

„ pouring, non-ferrous alloys, 

379 

„ recrystallisation, 117 

Temperatures, annealing, 204 

„ finishing in forging, 116 

„ for carburising operation, 

219,223 

normalising, 196, 198, 200 
Tempering, practical considerations, 209 

„ operation in the heat treatment 

of st^l, 175 

„ theoretical considerations, 178, 

205 


Tensile strength of steel, rolationship with 
carbon content, 243 
„ stress, 3, 5 

,, tests, relation to hardness, 81 
„ testing machines, 10 
„ „ „ calibration and* 

accuracy, 28 

„ grips for, 29 

Test bars on castings, 131 
Test pieces for fabrics, 461 
„ „ „ forgings and castings, 449 . 

„ „ impact, 57 

,, ,, standard, 51, 449, 505 

„ „ timber, 452 

„ sheets, 505 

Testing of aluminium alloys, 385 
„ machines, bar, 35, 355 

calibration of, 28 
fabric, 459 
grips for, 29 ' 

horizontal, 24 
knife-edges, 23 
multiple-lever, 26 
single-lever, 21 
tensile, 10 
torsion, 36 
weighing gears, 20 
wire, 26, 37 
Tests, abrasion, 87, 333 

„ on bearing metals, 419, 431 
„ scratch, 88 
,, machining, 89 
„ shop, on materials, 439 
Thermo-electric pyrometers, 193 
Timber, 451 

„ physical properties of, 458 
Tin in aluminium alloys, 146 
„ influence of, in copper alloys, 149 
„ plate, 470 
„ ,, steel for, 249 

Tobin bronze, 411, 414 
Torque, 8 
Torsion tests, 36 
Torsional stress, 3, 8 

Toughening of steel, theoretical considera- 
tions, 179 

,, operation in the heat treat- 

ment of steel, 175 
„ practical considerations, 209 

Tramway trackwork, use of manganese 
steel, 308 

Transitional constituents, formation of, 112 
„ „ in steel, 104 

Transverse test on cast iron, 354 
Troostite, definition of, 104 
„ how obtained, 175 
Troostite-sorbite change, 113 
Tube mills, use of manganese steel, 308 
Tubes,, practical Considerations, 471 
Tubing, aluminium, 375 
„ brass, 410 
„ copper, 376 
„ duralumin, 392 
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Tubing, manganese bronze, 401 
„ steel, 249 
Tungsten steel, 305 

„ „ beat treatment of, 305 

„ „ strength of, at high tempera- 

tures, 311 

Turbine bearings, 433 

„ blades in Monel metal, 415 
Twisting tests, 36 
Tyre fabric, 464 
Tyres, railway, 65, 261 


Valve guides, steel for, 290. 

Valves, alloy steel, 311 

„ cuprp-nickel alloy, 414 
„ gas engine, 276 

„ hydraulic, use of semi-steel for, 362 
„ internal combustion engine, 476 
„ manganese bronze, 402 
„ steel for inlet, 275 
Vanadium, influence of, in steel, 128, 299 
Vicat needle for cement testing, 467 


Water quenching, 256, 323 
„ spray quenching, 194 
Wearing properties of case-hardened steel, 
338 

„ quality of chromium steel, 276 
„ properties of manganese steel, 307 
„ qualities of nickel chrome steel, 289 

Weights of various materials, 500 
Welding of defective castings, 448 

,, repairs, 487 

„ of sheet steel, 469 

Wheels, casting by centrifugal method, 351 


Wheels, chilled treads on, 351, 352 

„ for colliery tubs, use of manganese 
steel, 308 

White-heart malleable castings, 133, 363 
White iron, 352 

„ metal bearings, 425 
„ metals, etching reagents for, 95 
Wire, aluminium, 375 
„ bronze, 397, 398 
„ copper, 376 
,, duralumin, 392 
,, manganese bronze, 402 
„ mild steel for, 249 
„ ropes, 262, 489 
„ testing machines, 26 
„ torsion tester, 37 
Wood, general properties of, 451 
Woods’ alloy, 416 
Working of steel, 115 
Worm wheels, etc., in bronze, 398 
Worms, use of case-hardening steel for, 344 

“ X ” Magnesium-aluminium alloy, 393 

“ Y ” Magnesium-aluminium alloy, 393 
Yellow brass, composition of, 149 
Youngs’ modulus for various materials, 499 


“ Z ” Magnesium-aluminium alloy, 393 
Zay Jefferies, grain growth, 117 
Zimalium alloy, 392 
Zinc, extrudedj 417 

„ influence of, on copper alloys, 153 
Zinc-copper alloys, 153 
„ sheet, 471 
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